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SUMMARY 
This thesis is concerned with the generation of Langmuir waves 
by streams of non-relativistic electrons in the interplanetary medium 
(the solar wind) and the subsequent conversion of these Langmuir waves 
into electromagnetic radiation in the form of type III solar radio 
bursts. The existing observations of type III bursts and their 
association with Langmuir waves and non-relativistic electron streams 
are summarised. A survey of the existing theories of Langmuir wave and 
type III burst generation is presented. Particular attention is devoted 
to the development of the two-stream instability which is generally 
accepted as the mechanism responsible for Langmuir wave generation. 
Calculations are made of radiation at the second harmonic in 
type III bursts. These calculations are compared with existing 
calculations in which the phase speeds of the Langmuir waves are assumed 
to be non-relativistic. It is found, contrary to what was believed, 
that the non-relativistic approximation results in an overestimation of 
the radiation at the second harmonic but the overestimation is not 
serious for Langmuir waves with phase speeds less than c/3. 
The emission and absorption coefficients for Langmuir waves 
generated by anisotropic unmagnetised electrons are reduced to two 
equivalent forms. One form is of special use when the electron pitch 
angle distribution is discontinuous and the other when it is continuous. 
The quasilinear diffusion equation is considered and a method involving 
vii 
the expansion of the effective temperature of the Langmuir waves enables 
the diffusion coefficients to be evaluated. 
Finally, the possibility that the anisotropic electron pitch 
angle distributions might lead to the growth of Langmuir waves is 
explored for two streaming distributions. It is found that, subject to 
certain conditions, growth can occur. The evolution of the particle 
distribution function is considered for the case of a P 1-anisotropy 
where P is a Legendre polynomial and it is suggested that pitch angle 
n 
scattering of the electrons will tend to isotropise the original 
anisotropic distribution. 
These results have important implications in the theory of 
Langmuir wave and type III burst generation. 
viii 
INTRODUCTION 
Type III sol r radio bursts are bursts which are characterised 
by a fast drift from high to low frequencies and often exhibit harmonic 
structure. They were first classified by Wild [1950]. The fast 
frequency drift is interpreted as the passage of an exciting agency 
through the solar corona and the solar wind. The first quantitative 
theory of their generation was proposed by Ginzburg and Zheleznyakov in 
1958 and is still widely accepted at present, alth o ugh in a r evis e d 
fo rm. Th e e x c iting a ge n cy i s thought to be a bunch of non-r e lativistic 
electrons. As these electrons move through the corona, they generate 
Langmuir waves. These Langmuir waves give rise to emission at the 
fundamental frequency by scattering on the shielding clouds around ions. 
Second harmonic emission is considered to be a two-step process in which 
the Langmuir waves are first s c attered and then coalesce to give 
electromagnetic radiation. 
Thus, the gene r a tion me chanism of type III burs ts provides a 
two-part problem. Th e first part concerns the ge neration of the 
Langmuir waves by the stre am of non-relativistic electrons, whereas the 
second part concerns the conversion of the Langmuir waves into electro-
magnetic radiation at the fundamental and second harmonic. The first 
two chapters, of t h i s t h esis , consis t of a r eview of the exi st i ng 
theoretical studies of type III bursts and of the observational data on 
type III bursts. The third chapt e r deals with the conversion of 
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Langmuir waves to second harmonic radiation and the final chapters deal 
with the generation of the Langmuir waves by the electron stream. 
In Chapter 1 of this thesis, the observations of type III 
solar radio bursts and associated phenomena are reviewed. The first 
section of this chapter (1.1) deals with the type III bursts themselves. 
The characteristic features of the bursts are described and several of 
these features are described in detail. Harmonic structure, association 
with solar flares, clusters of bursts, polarisation, source dimensions 
and burst variants are all considered. 
The second section (1.2) of this chapter details the 
observations of particle streams which are associated with type III 
bursts. Due to their excellent correlation with type III bursts, it is 
concluded that non-relativistic electrons rather than relativistic 
electrons or protons are responsible for the generation of type III 
bursts. The observations of the pitch angle distributions of these non-
relativistic electrons are also described here and it is concluded that 
the anisotropies observed are due to streaming and pitch angle 
scattering. 
In the third section (1.3) of the chapter, observations of 
Langmuir waves associated with type III bursts are considered. It is 
noted that the observation of the Langmuir waves is a rare occurrence 
which suggests that the Langmuir waves may have a patchy spatial 
distribution. This view is given support by the observations of 
Langmuir waves g nerated by electrons from the Earth's bow shock. In 
Chapter 6 (section 6.1), some more recent observations are reviewed. 
These r cent observations also support the concept of Langmuir waves 
having a patchy spatial distribution. 
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In Chapter 2, the existing theories regarding the generation 
of Langmuir wave turbulence and type III bursts are reviewed. In the 
first section (2.1), a semi-classical, non-linear wave formalism is 
described. Particular attention is paid to the theory of wave-particle 
interactions, coalescence processes and scattering processes. 
The next section (2.2) is concerned with the theory of 
Langmuir wave generation and in particular with the two-stream 
instability and its stabilisation. The instability is described and its 
development, according to the one-dimensional treatment of Grognard 
[1975], is summarised. Sturrock's (1964] dilemma concerning the rapid 
deceleration of the electron stream due to the two-stream instability is 
noted and various suggestions for resolving this dilemma are considered. 
These suggestions include proton exciters, non-linear suppression 
mechanisms and self-limitation of the instability. 
In the final section of Chapter 2 (2.3), emission of electro-
magnetic waves at the fundamental and second harmonic is considered. 
The possibility of fundamental amplification is discussed. The 
necessity of a secondary Langmuir wave spectrum for second harmonic 
emission (from a unidirectional electron stream) is noted. Some 
alternatives to the generally accepted fundamental and second harmonic 
emission processes are listed. 
Chapter 3 is concerned with type III bursts in the solar wind 
near the Earth. In the first section (3.1) the Langmuir wave and type 
III burst observations of Gurnett and Frank (1975] are compared with the 
theory for the generation of type III bursts formulated by Melrose 
[197Gb] and it is found that the theory cannot explain the observed 
power flux of type III bursts. 
In the second section (3.2) a detailed examination of one of 
the main approximations underlying the theory of Melrose [1970b] is 
given. It is found, contrary to what was formerly believed, that the 
non-relativistic phase speed approximation leads to an overestimate of 
the power per unit volume at the second harmonic in type III bursts. 
The overestimate is not serious for waves with phase speeds less than 
c/3, which is the case of interest. 
In the last section (3.3) of Chapter 3, several suggestions 
are made as to how the discrepancy between the theory and the 
observations might be resolved. The most favourable of these 
suggestions is that the Langmuir waves have a patchy spatial 
distribution and this is supporteq by the observational evidence 
presented in sections 1.3 and 6.1. 
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In Chapter 4, the three-dimensional quasilinear equations, 
analogous to the one-dimensional quasilinear equations of Grognard 
[1975] (eq~ations (2.24) and (2.25) in this thesis), are considered. In 
section 4.1, the kinetic wave equation is examined. The emission and 
absorption coefficients are first simplified by being expressed in 
spherical polar co-ordinates and hence the azimuthal angle integral is 
performed assuming the pitch angle distribution to be axially symmetric. 
The emission and absorption coefficients for continuous pitch angle 
distributions are further simplified by expanding the particle 
distribution function in Legendre polynomials, whereas for the case of 
discontinuous distributions, simplifications to the emission and 
absorption coefficients are made by assuming that the particle 
distribution function is separable (section 4.2) into a velocity and 
pitch angle distribution function. 
xii 
In section 4.3, the quasilinear equation which describes the 
evolution of the particle distribution function is considered. The 
diffusion coefficients which appear in the equation are simplified for 
the case of a continuous wave distribution using a method which is 
exactly analogous to that used in section 4.1. 
In the fifth chapter, some of the implications of the theory 
formulated in Chapter 4 are considered. In section 5.1, these 
implications are discussed in general terms. The growth rate formulae 
for Langmuir waves generated by non-relativistic, anisotropic electrons 
for the cases of a continuous and discontinuous electron pitch angle 
distribution are given in equations (5.1) and (5.2) respectively. The 
necessity of having a gap velocity distribution for growth to occur is 
noted. 
Section 5.2 is concerned with a specific discontinuous 
anisotropic electron distribution known as a forward cone distribution. 
The growth rate of the Langmuir waves is discussed for this particular 
case and the shortcomings of making calculations from such a 
distribution, due to its discontinuous nature, are noted. 
In section 5.3, a specific continuous, anisotropic electron 
pitch angle distribution, known as a P 1-anisotropy, is considered. The 
conditions for growth of Langmuir waves due to such an anisotropy are 
given. Finally, the evolution of the electron pitch angle distribution 
is considered. 
In the last section of this chapter, several general 
conclusions concerning Langmuir wave growth and the evolution of the 
particle distribution function are summarised. 
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The final chapter is a postscript where some recent 
observations of Langmuir waves associated with type III bursts near the 
Sun are sununarised, and their relevance to this thesis discussed. 
CHAPTER 1 
OBSERVATIONS 
1.1 Type III Solar Radio Bursts 
Type III solar radio bursts were first defined by Wild [1950] 
in his classification of solar radio bursts. They are observed over a 
wide range of frequencies extending from 600 MHz (from the lower solar 
corona) to 60 kHz (from the interplanetary medium at the orbit of the 
Earth). Observations in the low frequency range (60 kHz to 10 MHz) have 
been made by satellite-borne experiments [Dunckel, 1974; Lin, 1974; 
Gurnett and Frank, 1975]. The 60 kHz frequency corresponds to emission 
at twice the local plasma frequency in the interplanetary medium at the 
Earth. Observations in the high frequency range (10 MHz to 600 MHz) 
have been made by ground-based receivers [see the reviews by Wild et al., 
1963; Kurtdu, 1965; Wild and Smerd, 1972; Solar Radio Group, Utrecht, 
1974]. The cut-off frequency of 10 MHz is due to the obscuring effect 
of the ionosphere. The bursts are characterised by a fast dri f t [Wild, 
1950] from high to low frequencies. This frequency drift is interpreted 
in terms of an exciting agency, emitting at the local plasma frequency 
or its second harmonic, moving through the solar corona with a velocity 
in the range 0.2 c to 0.75 c. The average exciter speed is 0.33 c 
[Stewart, 1965]. Wild and Smerd [1972] state that the bursts suffer 
virtually no deceleration in their passage from the Sun to the Earth but 
Kundu [1965] and Smith [1974] state that the bursts are decelerated over 
distances of 100 solar radii. The plasma parameters, derived from 
observations, indicate that the bursts are generated in surroundings 
which are both cooler and denser than the ambient plasma [Kundu, 1965]. 
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This is consistent with generation in a coronal streamer. The exciting 
agency, which is probably a bunch of non-relativistic electrons [Lin, 
1974], is able to escape into the solar wind by following the open field 
line configurations which are present in the streamer [Smith, 1970a; 
Newkirk and Altschuler, 1969]. The intensity-time profiles of the 
bursts exhibit a fast rise followed by a slow exponential decay [Solar 
Radio Group, Utrecht, 1974]. The short rise time is thought to depend 
on the nature of the generating stream whereas the slow decay is 
attributed to the collisional damping of the energetic causative 
particles. A general description of several features of type III bursts 
in the solar corona and interplanetary medium is given below. 
(a) Harmonic structure. The dynamic spectra of type III bursts 
sometimes shows two similar formations which have a frequency ratio of 
approximately 2:1. These harmonic pairs are observed in some coronal 
bursts [Wild et al., 1963]. It is, however, difficult to identify a 
potential harmonic [Solar Radio Group, Utrecht, 1974] owing to the very 
fast frequency drift rate of type III bursts. A special feature such as 
the crest of an inverted "U" burst is essential for a definite 
identification. The fundamental is thought to arise from radiation at 
the local plasma frequency, w, and the harmonic from radiation at twice p 
this frequency. The observed ratio of the second harmonic to the 
fundamental is slightly less than 2:1 [Solar Radio Group, Utrecht, 1974] 
but, since the fundamental can only propagate at frequencies above the 
local plasma frequency, the ratio is easily explained. When a burst 
does not occur as a member of a pair it is difficult to tell whether 
emission is at the fundamental or second harmonic. In the inter-
planetary medium paired bursts have never been observed and the bursts 
which are observed are generally accepted to be generated at the second 
harmonic [Lin, 1974]. The evidence for third and higher harmonics is 
inconclusive [Solar Radio Group, Utrecht, 1974]. 
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(b) Association with solar flares. Type III bursts are often 
associated with solar flares. It appears [Solar Radio Group, Utrecht, 
1974] that the intensity of type III bursts is positively correlated 
with the importance of optical flares. Type III bursts usually occur 
between the start and maximum of a flare [Kundu, 1965]. Most occur 
during the flash phase in which particles are believed to be accelerated 
to non-relativistic velocities [Kundu, 1965]. Type III bursts are often 
accompanied by microwave bursts [Solar Radio Group, Utrecht, 1974] and 
it is thought that when the electron energies are high enough and the 
coronal magnetic field lines open that this association will occur. X-
ray bursts, with energies corresponding to those of non-relativistic 
electrons, believed to generate type III bursts, have also been observed 
in conjunction with type III bursts [Lin, 1974]. The coincidence of 
these types of emission strongly suggests that their generation is due 
to the same non-relativistic electrons. 
(c) Clus t ers of bursts. Type III bursts often cluster into groups 
of approximately ten bursts which can exhibit regular temporal spacing 
[Wild et al., 1963]. This observation is of interest in connection with 
the number of electrons associated with each burst. Observations at 
1 A.U. [Lin, 1974] show that there are about 10 33 electrons in a stream 
and hence due to the clustering of bursts, one expects the number of 
32 electrons per burst to be about 10 . 
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(d) Polari sation . Circular polarisation has been observed at the 
fundamental and can be about 50% [Solar Radio Group, Utrecht, 1974]. No 
polarisation is observed at the second harmonic. Some observations have 
been made of linear polarisation [e.g. Chin et al., 1971] but must be 
regarded with caution as one would expect Faraday rotation in the solar 
corona to wash out any initial degree of linear polarisation [Wild and 
Smerd, 1972]. 
(e) Source dimensions. The longitudinal and lateral dimensions of 
the source are observed to increase with decreasing frequency, i.e. as 
the burst propagates away from the Sun [Hughes and Harkness, 1963]. The 
increase in length is presumably due to the faster electrons outpacing 
the slower ones. The increase in breadth may be due to a fanning out of 
electrons along diverging magnetic field lines combined with the 
scattering of the electromagnetic radiation due to density 
inhomogeneities in the corona [Riddle, 1974; Steinberg et al ., 1971]. 
If the scattering is strong, the apparent area of the source would be 
much larger than its actual area. 
(f) Variants . Most theoretical studies of type III bursts assume 
an idealised picture of the bursts but the bursts exhibit marked 
variations from this. Among the variants are "U" and "J" bursts, type V 
bursts, split-pair and drift-pair bursts. A detailed summary of these 
variants is given in the review by the Solar Radio Group, Utrecht [1974]. 
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The qualitative theory of the generation of type III bursts 
arising from the observations is as follows. A solar flare causes the 
acceleration of electrons to speeds of order c/3. These electrons 
generate Langmuir waves whose frequency is close to the local plasma 
frequency. These Langmuir waves are subsequently converted into 
electromagnetic radiation by scattering off the polarisation clouds of 
ions to produce emission at the fundamental and by coalescing with other 
Langmuir waves to produce emission at the second harmonic. 
1.2 Particle Streams 
Observations of particle streams in the interplanetary medium 
and their relation to type III bursts may be summarised as follows. 
Electrons observed in the interplanetary medium vary in energy from 
10 eV (solar wind electrons) to~ 10 12 eV (galactic electrons) [Lin, 
1974]. The observations described here are of the lower energy 
electrons; in particular, those in the solar wind near 1 A.U. which 
exhibit a time profile consistent with injection at the Sun, followed by 
scattering in propagation. The observed number of these non-
relativistic electron events is very large and is only a factor of 40 
less than reported optical flares [Lin, 1974]. This implies that this 
type of event is a very common occurrence since there is a higher 
probability of observing optical flares. (There may be no spacecraft 
capable of observing a stream and many streams will not intersect the 
Earth's orbit.) The events are characterised by an intensity-time 
profile which exhibits a sharp rise and a slow decay [Gurnett and Frank, 
1975; Lin, 1974]. Relativistic electrons are sometimes observed in 
conjunction with proton events [Lin and Anderson, 1967]. Such events 
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are relatively rare compared to the non-relativistic electron events and 
are associated with larger solar flares. 
Electrons of energy 5 to 100 keV fit a negative power law 
-cS 
energy spectrum such than dn/dE ex: E with most events falling in the 
range 3 < cS < 4. 5. At higher energies the spectrum steepens such that 
cS > 5. 5 [Lin, 19 74] . Some electron energy spectra show secondary maxima 
[Gurnett and Frank, 1975]. The number of electrons associated with each 
event is about 10 33 • 
Accurate timing of non-relativistic electron events has 
enabled the identification of these events with solar flares which are 
usually of minor importance. The electron events normally correspond to 
the flash phase of the flare in which X-ray, microwave and type III 
bursts are believed to be generated [Lin, 1974]. 
Non-relativistic electron events exhibit a high correlation 
(80%) with type III bursts in the interplanetary medium. It appears 
almost certain, due to timing considerations, that electrons rather than 
protons are the exciters of type III bursts [Lin, 1974]. 
Observations have been made of pitch angle distributions of 
these impulsive electrons [Anderson and Lin, 1966; Lin, 1974]. A 
difficulty which occurs with this type of observation, is that the 
results may be contaminated by electrons from the Earth's bow shock 
[Lin, 1974; Gurnett and Frank, 1975]. Lin [1974] has made observations 
which show that the distribution is relatively isotropic with a maximum 
to minimum ratio of 2:1. The maximum is along the field lines in the 
streaming direction. This type of distribution probably owes its origin 
to pitch angle scattering of the electrons. 
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1.3 Langmuir Waves 
In this section the observations of Langmuir waves in the 
interplanetary medium are described. Most of the observations have been 
of Langmuir waves· associated with electrons upstream from the Earth's 
bow shock [Scarf et al., 1970, 1971; Dunckel, 1974; Gurnett and Frank, 
1975] but in one case Langmuir waves have been observed in association 
with solar electrons [Gurnett and Frank, 1975]. 
Gurnett and Frank used instruments with an electric field 
sensitivity of 1 µV m- 1 to measure the electric field amplitude of the 
Langmuir waves. The main problem they encountered in this experiment 
was due to contamination by Langmuir waves from the Earth's bow shock. 
To eliminate this possibility, they made measurements of the electrons' 
angular distribution. Of the 87 events in which type III bursts 
occurred only 9 were suitable for analysis. Only one of these 9 solar 
electron events had Langmuir waves associated with it. Thus it would 
seem that Langmuir wave generation is not a connnon occurrence. The 
electric field amplitude in this one case was 100 µV m- 1 • The 
electrostatic energy density in the Langmuir waves, Wz, was calculated 
to be 4. 8 x 10- 19 erg cm- 3 and the observed power flux at the second 
harmonic, w2w , of the type III burst associated with the Langmuir waves 
p 
2.75x10- 14 erg s - 1 cm- 2 H - 1 z • The bandwidth of the electromagnetic 
radiation was small and was assumed to be 10% of the emission frequency 
of 56 kHz. 
Several observations have been made of Langmuir waves upstream 
from the Earth's bow shock. Electromagnetic radiation, qualitatively 
similar to type III bursts, is also observed and is thought to have a 
similar generation mechanism to that of type III bursts. Gurnett and 
Frank reported electric field amplitudes of 1 mV m- 1 whereas Dunckel 
[1974] and Scarf et al. [197] reported amplitudes varying from 1 to 34 
mV m- 1 • Scarf et al. [1970] also observed electric field amplitudes as 
high as 300 mV - 1 m • There is clearly a wide range of electric fields. 
Since the energy density in the Langmuir waves, Wz, is proportional to 
the square of the electric field amplitude the range in the energy 
density is correspondingly greater. These observations seem to imply 
that the Langmuir waves have a very patchy spatial distribution. 
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CHAPTER 2 
LANGMUIR WAVE GENERATION AND TYPE III BURSTS 
2.1 A Semi-Classical Wave Formalism 
The generation of the radiation observed in type III bursts is 
a two-step process. Firstly, the electron beam' interacts with the 
plasma to produce Langmuir waves at frequencies near the local plasma 
frequency. These Langmuir waves are then scattered by thermal ions and 
other Langmuir waves to produce radiation at the fundamental and second 
harmonic respectively. The various processes involved can be examined 
using the semi-quantum meth od developed by Tsytovich [196,6a,b, 1970], 
Melrose [1970a,b] and Smith [1970a, 1974] among others. This method, 
the relevant parts of which are summarised below, is useful in that the 
physical significance of the terms in the equations is easily und er-
stood. The theory is a non-linear theory and is similar to theories 
used in non-linear optics. Two fundamental approximations involved in 
the theory are those of weak non-linearity and random phases [e.g. Smith, 
1970a]. Weak non-linearity holds for WT<< W << nkT where W is the energy 
density of the waves under consideration, WT is the energy density of 
equilibrium fluctuations and nkT is the thermal energy density. This 
approximation allows expansions to be made in powers of the electric 
field amplitude [e.g. Melrose, 1976a] and hence one obtains the relevant 
results using a perturbation approach. The random phase approximation 
means that in any calculation one averages over the phases of th e waves. 
The theory presented here concerns only the simplest of non-linear 
interactions, namely wave scattering and coalescence. 
If u is the probability of spontaneous emission for some 
process, then the total emission probability due to spontaneous and 
induced emission is 
(l+N°(k))u, 
"' 
and the absorption probability, for transition between the same two 
states, is 
a N (k)u. 
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(2 .1) 
(2. 2) 
N°(k) is the occupation number, i.e. the density of wave quanta in the 
,...., 
mode a per unit volume of k-space. The three processes which are 
' ,...., 
relevant to later discussions are now described. 
(a) Wave-particle interactions. The probability per unit time 
that a particle of species a spontaneously emit a wave in the mode a is 
[Melrose, 1970a] 
a 
u (p,k) a ,...., ,....,, = (2. 3) 
with 
w
0 (k) = frequency of waves in the mode a, 
"' 
qa = charge on a particle of species a, 
~(~) = ratio of electrical to total energy of waves in the mode a , 
e
0 (k) = polarisation vector of waves in the mode a, 
,...., ,...., 
k = wave vector of waves in the mode a, 
,...., 
v = particle velocity, 
,...., 
~=Planck's constant. 
11 
The specific case considered later is the emission of Langmuir 
waves by electrons. The Langmuir wave properties are [Melrose, 1970a] 
l 
w = 
l 
e = K = 
,._ k ' (2.4) 
where w is the plasma frequency and V is the electron thermal velocity. 
P e 
z Making the approximation w '.::'.W , equations (2.3) and (2.4) p 
give the probability of the emission of Langmuir waves by electrons as 
l 
u (p,k) e,....,,,,....,,, 
4n 2 e 2w 
= P cS ( cos X - cos Xo) , 
1\k 3 v 
(2.5) 
where X is the angle between k and v and cos Xo = w /kv. By combining 
~ ~ ~ p 
the effects of spontaneous emission and the induced processes and 
expanding in powers of l~kl << IPI the rate of change of N°(k) is found 
,._ ,._ ,._ 
to be [Melrose, 1970a] 
= 
and thus the absorption coefficient y0 (k) is 
= 
,..., 
3 a a 
J 
a£ 
- d p u flk. --
,._ a ,._ ap 
Here f (p) is the particle distribution function which is 
a ,....,,, 
normalised according to 
= n ' a 
(2.6) 
(2.7) 
(2. 8) 
where n is the number density of the particles. The evolution of the 
a 
I 
particle distribution is described by [Melrose, 1970a] 
a£ 
a 
dt = (2.9) 
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(b) Coale s ence pr o e sses . 0
1 0 11 If u (k, k', k") is t he probab ility 
0 "' "' "' 
per unit time that two photons (o ' ,k'; o",k") spontaneously coales c e into 
,.._, ,.._, 
a photon (O,k), then one can write the total probabilities of the 
,.._, 
1 0 ' + o" _,,__ o d th d o _,,__ o ' + o" coa es cence process, ~ , an e ecay process, ~ , a s 
o ' o " o' o" o 
u
0 
N N (1 + N ) and 
Ill I II 0 
u~ 
0 (1 + No ) (1 + N° )N (2.10) 
r espectively. The kinetic equations for coalescence can be derived 
using the probabilities in (2.10) and simple balance considerations. 
0 The term proportional to N is neglected since it is intrinsically 
quantum mechanical in nature. The kinetic equation for coalescence is 
= J 
d 3~, 
(2n) 3 J 
d 3 !.<." 
. - o 'o" { o ' 0 11 o" o o ' o} 
u
0 
N N - N N - N N 
( 2n) 3 
( 2. 11) 
It is interesting to note that the absorption coefficient is 
always positive for the coalescence process. In my later calculations 
r eabs or p tion i s neg l ec t e d, i. e . the last two terms in (2.11) are ignored. 
In neglecting these two terms, Melrose [1970a] pointed out that one must 
assume that 
o ' o" N N (2.12) 
In the case of the c oalescence of two Langmuir waves from 
dif fer ent distributions into a transverse wave the condition (2.12) is 
(2.13) 
Condition (2.13) can be expressed in terms of the ef f e c tive 
temperatures of the waves, defined by 
l With w ~ w p 
T0 (k) = 
t 
and w ~ 2w p' 
"hw O (k) N° (k) ( 2 .14) 
(2.14) gives 
13 
(2.15) 
If T
2
l arises from thermal Langmuir waves, i.e. Tl = T and Tl 
, 2 e 1 
from non-thermal Langmuir waves with Tl >> T , one has 1 e 
(2.16) 
Hence the effective temperature of the resultant transverse 
wave is severely restricted. This implies that for the generation of 
type III bursts the two coalescing Langmuir waves must come from non-
thermal distributions. The reason why two Langmuir waves from different 
distributions are needed for coalescence is that the Langmuir waves 
generated by a unidirectional stream due to Cerenkov emission cannot 
coalesce due to angular limitations. These angular limitations arise 
because for two Langmuir waves to coalesce they must be almost anti-
parallel. This is implied by the requirement that the sum of the two 
wave vectors for the Langmuir waves equal that of the transverse waves, 
i.e. k' + k" • k together with the fact that k' or k" is necessarily 
,...,_, ,...,._, ~' "" ~ 
much greater than kt~ /!w /c. Hence it is necessary for the Langmuir 
"' p 
waves, generated by the stream, to coalesce with waves from another 
distribution. The origin of this other distribution is discussed in 
section 2.3. The probability for the process, l+l-+t, is [Melrose, 
1970a] 
= 
(2n) 5 tie 2 
8 
m 2 
e 
t l' l" IK' XK"l 2 o 3 (k -k' -k")o(w -w -w ) 
,...._,, ~ ~t ,-...,,,, ,......, 
(c) Scattering processes. Scattering processes can also be 
treated in a semi-quantum manner. The kinetic wave equations are 
derived by combining the effects of the spontaneous and induced 
( 2. 17) 
processes and expanding in powers of 11111 << Iii . oo' If u (p,k,k') is 
a. "' "' "' 
14 
the probability per unit time that a particle (a,_e) scatter a photon 
(o ,k) into another photon (a' ,k'), then the kinetic equation describing 
,...._, ,...._, 
the rate of scattering from a-+ a' is [Melrose, 1970a] 
c3fa} 
• dp • (2.18) 
The scattering involves several processes. The two main 
contributions arise from scattering on the particle itself (Compton or 
Thomson scattering), which is a negligible effect for ions, and 
scattering off the shielding cloud surrounding the scattering particle 
(non-linear scattering). Both effects must be considered as they some-
times cancel each other, e.g. for scattering by thermal electrons. 
The two processes of relevance to this thesis are the 
scattering of Langmuir waves into transverse waves on the shielding 
clouds of thermal ions and the scattering of Langmuir waves into 
Langmuir waves by thermal ions. The probability for the former process 
is given by Melrose [1976a] as 
-tZ 
u. 
1 
= 
[ ] 
2 
(27T) 3 e 4 sin 2 8 Ti 
k: T + T 
(2n) 2m!w~ l!st- tz Iv i e i exp - , z1~-tzl2v~ \ 
t 7,, 
2 
) (w - w ) (2.19) 
where e is the angle between~ and tz and u~z is the average scattering 
probability per thermal particle. It is this process which is thought 
to give rise to emission at the fundamental in type III radio bursts. 
The probability for the Z-+ Z' scattering is also given by Melrose 
[1976a] and is 
= exp - , 
21 k' - k I 'l..v 2 
.....,z .....,z i \ 
Z' z 
2
) (w - w ) (2.20) 
where 8 ' is the angle between ti and t z and u~z is the average 
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scattering probability per thermal particle. This process is a possible 
candidate for the production of the secondary spectrum of Langmuir waves 
for second harmonic emission. The condition for which scattering is 
significant can be deduced from the exponential factor in (2.20) and is 
that 
(2.21) 
which can be written as [Tsytovich, 1966b] 
< (2.22) 
where 6k = I kz - k i I and v ¢ is the phase velocity of the Langmuir waves. 
When 6k is large the scattering results in a shift from larger to 
smaller values of k l and also chan ges the direction of the wave. When 
6k is small, only the hange in direction occurs although a large shift 
in wavenumber could still occ ur due to a relay of scatterings [Smith, 
1970a; Tsytovich, 1966b]. 
2.2 Langmuir Wave Generation 
Langmuir waves in type III bursts are generally accepted to be 
generated via the two-stream instability. Despite this general 
acceptance, a number of problems, involving the generation and develop-
ment of the Langmuir wave spectrum and the subsequent propagation of the 
generating electron stream through the solar corona, exist. These 
problems are discussed in this section. 
The instability occurs when energetic particles stream through 
a background plasma. It is possible for the energy in the particles to 
transfer to energy in waves resulting in amplification of the waves. 
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The instability has two versions [McIntyre, 1971; Melrose, 1976a]: the 
reactive instability and the quasilinear (resistive) instability. More 
specifically, the reactive version occurs when the growth rate of the 
instability is greater than the bandwidth of the growing waves. It 
develops only if the original velocity dispersion of the stream is 
small. The development of the reactive instability results in an 
increase in the velocity dispersion of the stream particles and thus the 
instability passes over into the quasilinear stage which holds when the 
growth rate is less than the bandwidth of the growing waves [Tsytovich, 
1966b]. The growth rate, due to an electron stream, is [e.g. Melrose, 
19 70b] 
y = (2.23) 
where U is the stream speed, 6v the velocity dispersion of the stream 
s s 
and n and n are the number densities of stream and background 
s e 
electrons respectively. 
It is not clear whether the instability does, in fact, 
develop in type III streams but there are reasonable grounds to suggest 
that it may. Baldwin [1964] has pointed out that, as the stream 
propagates, the distribution function at a given point should devel op a 
peak due to the faster electrons becoming concentrated towards the front 
of the stream. Thus for v < v , where v is the peak velocity, 3F/3v > 0, p p 
where Fis the one-dimensional velocity distribution. According to 
Penrose [1960] this is a necessary although not sufficient condition for 
the instability to occur. Also, the instability can only occur provided 
there is sufficient time for appreciable growth as the stream passes a 
fixed point [Melrose, 1976a]. 
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Several authors have examined the development of the quasi-
linear instability [Harris, 1969; Zheleznyakov and Zaitsev, 1970; Ryutov 
and Sagdeev, 1970; Smith, 1974; Grognard, 1975] by attempting to derive 
asymptotic solutions to the quasilinear equations, i.e. the equations 
(2.6) and (2.9). The quasilinear equations are a coupled set of 
differential equations describing the evolution of the waves and the 
particles with time. Asymptotic solutions to these equations have been 
derived for the cases of a homogeneous beam [Ivanov and Rudakov, 1966; 
Grognard, 1975] and an inhomogeneous beam [Ryutov and Sagdeev, 1970]. 
For a homogeneous beam the quasilinear equations may be 
reduced to the form [Grognard, 1975] 
and 
cU 
at = [ 
2 at ] sign(v) VJ dV + f , 
(2.24) 
(2.25) 
where the function J(v,t) is a dimensionless function related to the 
power spectrum of the Langmuir waves. It should be noted that these 
equations are derived from Harris' (1969] equations which are one-
dimensional , Melrose [1976a] noted that although the one-dimensional 
equations are analogous to the three-dimensional ones they cannot be 
derived from them. However, the solution of the equations does provide 
some insight into the development of quasilinear relaxation. 
Ivanov and Rudakov (1966] solved the equations by neglecting 
the effects of spontaneous emission (the last term in equation (2.25)). 
They found that the asymptotic solution led to the formation of a 
plateau in the one-dimensional distribution function, i.e. 
at 
00 
av = 0 for J # 0 , (2.26) 
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and henc f = constant. Grognard [ 19 75] has criticis·ed the neglect of 
00 
the spontaneous emission term on several counts. Firstly, the neglect 
of the spontaneous emission term means that it is impossible for the 
beam to evolve to an asymptotic state. Also, the neglect of the term 
implies that an initial distribution in thermodynamic equilibrium is 
unstable which is clearly not the case. Grognard's treatment, including 
the spontaneous emission term, leads to stability for an initial 
distribution in thermodynamic equilibrium. He also computed the 
evolution of the particle distribution function. After about ten 
growth times the spontaneous emission term starts to "eat away" the high 
velocity side of the distribution and after about 150 growth times a 
plateau is formed. Despite its limitations the one-dimensional approach 
is of importance in a qualitative sense in that it shows that after 
several growth times a substantial fraction of the particle energy is 
deposited in the waves. Asymptotic solutions predict final states with 
2/3 of the energy in the waves and 1/3 in the particles. 
Fqr an inhomogeneous beam an extra term describing spatial 
variations is inserted in equations (2.24),(2.25). The one-dimensional 
quasilinear equations for such a beam are [Grognard, 1975] 
and 
af af 
at+ Vax 
aJ 
at 
= 
= 
(2.27) 
V 2J af + f av . (2.28) 
Such an inhomogeneous beam has been proposed as an agent for 
the slowing down of quasilinear relaxation by Zheleznyakov and Zaitsev 
[1972]. Solutions to the equations have also been found by Ryutov and 
Sagdeev [1970]. Once again, a serious shortcoming of their calculations 
is the om i ssion of the spontaneous term in (2.28). Grognard (1975] 
pointed out that the solution obtained is basically just a solution of 
the first quasilinear equation, i.e. equation (2.27). The physical 
significance of the solution is questionable, and hence its value is 
limited . 
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The two-stream instability is an extremely efficient mechanism 
for the conversion of particle energy to wave energy. Grognard's [1975] 
calculation shows that quasilinear relaxation is fairly well developed 
after 100 growth times. This means that a substantial fraction of the 
stream's energy has been lost. Melrose [1976a], using the numerical 
values n = 10 4 cm- 3 n = 10 8 cm- 3 /1v = 0 .1 U and w = 10 9 Hz, estimated 
s 'e 's s p 
(from equation (2.23)) that a growth time would be about 10- 7 s. Hence 
a stream with U ~ c/3 would be de e]erated after propagating abou t 
s 
1 km. This situation is clearly not compatible with the observations 
described in section 1.1. This problem was first pointed out by 
Sturrock [1964]. Hence, if the two-stream instability is accepted as 
the generator of Langmuir waves in type III bursts, some mechanism is 
required which renders the instability less efficient. Several 
proposals have been made although none are really satisfactory. These 
are discussed here. 
Perhaps the simplest way of rendering the instability less 
efficient is to have a proton stream, rather than an electron stream, as 
the exciter of a type III burst [Smith, 1970b]. This leads to a growth 
rate for the instability which is less than that for an electron stream 
by a factor of m /m .. Also, protons travelling at the same streaming 
e 1 
speed as electrons have more energy by the factor m./m . This 
1 e 
possibility can almost certainly be dismissed due to the excellent 
temporal correlation observed between type III bursts and electron 
streams in the interplanetary medium and also since proton streams are 
not observed in conjunction with type III bursts in the great majority 
of cases in the interplanetary medium [Lin, 1974]. 
Various non-linear suppression mechanisms have been proposed 
[Kaplan and Tsytovich, 1968, 1973; Smith, 1970a; Papadopoulos et al., 
1974]. The basic idea is that once a certain level of Langmuir 
turbulence has been generated by the stream, non-linear effects can 
become important. 
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Kaplan and Tsytovich (1968] investigated non-linear scattering 
of Langmuir waves by thermal fluctuations. Smith [1970a] considered the 
decay of Langmuir waves into other Langmuir waves and ion acoustic waves. 
These processes have the effect of removing the Langmuir waves from the 
region of k-space where they are resonant with the stream. For these 
,..., 
effects to be important they must stabilise the stream before quasi-
linear relaxation becomes well developed and decelerates the stream. If 
the growth rate of the scattered waves is greater than the growth rate 
of the resonant waves (the growth rate of the two-stream instability), 
then the two-stream instability will be suppressed. However, it appears 
that the growth rates of these proposed suppression mechanisms are not 
large enough to prevent quasilinear relaxation occurring. 
Another non-linear stabilisation process, the oscillating two-
stream instability, has been proposed by Papadopoulos et al. (1974]. 
They claim that the growth rate of this instability prevents the plateau 
formation of the distribution function due to quasilinear relaxation. 
This is because the growth rate is great enough to prevent quasilinear 
relaxation but there is disagreement in the literature _as to what the 
exact growth rate is [Goldman and Bardwell, 1976]. Until this important 
point is clarified it is difficult to assess the implications of the 
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oscillating two-stream instability. Kaplan et al. [1974] have argued 
that for the instability to occur the condition 
6v 
s 
u (2.29) 
s 
must be satisfied. Although this condition is stringent, it could still 
conceivably be satisfied. 
Kaplan et al. [1974] proposed an instability whereby the Lang-
muir waves t end to condense into blobs and are removed from the resonant 
region of k-space. This instability can only develop when the energy 
,...._, 
density in the Langmuir waves, Wl' has reached [Kaplan et al., 1974] 
= 
m 
en m V 2 
m. e e e 
1 
(2.30) 
At 1 A. U., inserting the numerical value n = 10 cm- 3 , the requirement 
e 
becomes Wl > 5 x 10- 1 5 erg cm- 3 • In view of Gurnett and Frank's [ 19 7 5] 
observations (see section 1.3), it seems unlikely that there is such a 
high level of Langmuir turbulence at 1 A.U. 
As mentioned above (see discussion following equations (2.27) 
and (2.28)), it has been proposed that an inhomogeneous beam can cause 
the slowing down of quasilinear relaxation. This seems unlikely due to 
the objections given above. 
Another way of overcoming Sturrock's dilemma is that the two-
stream instability may not be allowed to develop fully [Melrose, 1976a]. 
In other words, there may not be sufficient time available for growth 
and hence the stream may not be decelerated. According to Grognard's 
(1975] calculations this could happen if there were ten growth times 
available since before ten growth times the stream will not have been 
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appreciably affected by quasilinear relaxation. The idea [Melrose, 
1976a] is as follows. As the stream propagates the velocity dispersion, 
6v, decreases. This is offset by the fact that the two-stream 
s 
instability causes 6v to increase. These effects could lead to some 
s 
kind of balancing of 6v (which is inversely proportional to the number 
s 
of e-folding growths). The number of e-folding growths is yt , where t g g 
is the time available for growth. One would require yt :::: 10. g If 
Yt << 10, then insufficient Langmuir turbulence would be generated to g 
explain type III bursts. If Yt >> 10, quasilinear relaxation would g 
become important. While in certain cases this restriction may lead to 
plausible values for the plasma parameters involved, the fact that it is 
an equality rather than an inequality means that it is, necessarily, 
very stringent. For this reason, it seems unlikely that this is a 
possible suppression mechanism. 
In conclusion, it seems possible that the two-stream 
instability may be responsible for the generation of Langmuir waves in 
electron streams but as yet no one seems to have proposed a satisfactory 
mechanism for the suppression of quasilinear relaxation. Until this is 
done one's knowledge of the final Langmuir wave spectrum is limited and 
hence any subsequent ca lculations of emission at the fundam ntal and 
se ond h a rmoni c ar s pecu la t i ve . Ev e n i f the tw o-stre am ins t ab ility 
dos n t d v l op, th e s t r am wo ulds il l mit La n gmuir waves 
s p nt a n ous l y [Me lros , 19 76b ]. 
2.3 Emission of Type III Bursts 
It is generally accepted that fundamental emission in type III 
bursts is due to the conve rsion of Langmuir waves to transverse waves by 
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scattering on thermal ions whereas second harmonic emission is 
attributed to the coalescence of two Langmuir waves into a transverse 
wave. This theory was first formulated by Ginzburg and Zheleznyakov 
[1958]. One important modification to their theory arises from the 
limitation placed on the effective temperature, of the transverse waves 
at the second harmonic, by reabsorption (see section 2.1, equation 
(2.16)) which was pointed out by Melrose [1970a]. This means that both 
Langmuir waves must be non-thermal whereas Ginzburg and Zheleznyakov 
suggested that one of the Langmuir waves came from the thermal 
background. The generation of radiation at the fundamental and second 
harmonic is now discussed. 
The kinetic equation for fundamental emission is, from 
equation (2.18), 
(2.31) 
t The linear term in N describes spontaneous scattering, t + l, 
and is negligible. If the ions are assumed to have a Maxwellian 
d . . b . . i ib 1 f h i 1 · t z b 1str1 ut1on, 1t s poss e to per orm t e p- ntegra, 1.e. u. ecomes 
1 
u~z which is the average scattering probability per thermal particle of 
equation (2.19). This leads to an interesting result concerning the 
absorption coefficient [Smith, 1970a]. tl The probability, ui contains a 
delta function which imposes the condition 
t l 
w -w = .v (2.32) 
,...., 
t l Thus the absorption coefficient is proportional to (w - w ) and hence it 
will be negative for transverse waves with frequencies less than that of 
the Langmuir waves. In this way, fundamental emission can be amplified. 
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Howev r, any amplified rad"ation must pass through an overlying 
absorbing layer in ord r to escape from the solar corona. Smith [1970a] 
considered the effects of this amplification and subsequent absorption 
in a type III source. In his model he also included the effect of 
scattering on the radiation as it propagated. He concluded that the 
amplification could explain the observed radiation at the fundamental 
and also that the observed source was a scatter image of a much smaller 
real source. In a later paper, Smith and Riddle (1975] included the 
effects of scattering within the source due to density inhomogeneities 
in the solar corona. Evidence, of both a theoretical and observational 
nature, exists for these inhomogeneities [Melrose, 1975; Riddle , 
1972a,b; Steinberg et al., 1971]. Smith and Riddle divided the source 
into a number of boxes and traced several ray paths through the source. 
The density changed, in a random manner, at each box boundary and hence 
in some boxes amplification would occur whereas in others absorption 
would occur. The result of their calculations was that, in contrast to 
Smith's earlier results, it was very difficult to obtain any significant 
amplification of the fundamental. 
The kinetic equation for second harmonic emission is, from 
equation (2.11), 
(2.33) 
An immediate consequence of the equation (2.32) is that the absorption 
coefficient is strictly positive and thus there is no possibility of 
amplification due to the induced processes as there was with fundamental 
emission. Smith [1974] stated that radiation at the second harmonic is 
dominant at low frequencies. The reason for this is that as the 
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radiation source moves outwards through the corona and solar wind a 
point is reached where fundamental amplification can no longer occur. 
Spontaneous scattering, Z + t, by itself, is not efficient enough to 
produce any observable fundamental emission after this point and so only 
the second harmonic is observed. In the light of the later paper by 
Smith and Riddle, it seems difficult to understand why fundamental 
emission is ever observed. Observations at 1 A.U. support the 
hypothesis of low frequency second harmonic generation [Lin, 1974]. 
I 
For emission at the second harmonic, from a unidirectional 
stream, it is necessary to have two non-thermal Langmuir wave 
distributions (see discussion after condition (2.16)). The non-linear 
suppression mechanisms for the two-stream instability result in the 
generation of non-thermal Langmuir waves which can give rise to emission 
at the second harmonic on coalescence with the original non-thermal 
Langmuir waves. Scattering, Z + Z, by thermal ions is another way in 
which non-thermal Langmuir waves can be generated [Tsytovich, 1966a] 
from the original Langmuir waves. The main effect of this scattering is 
to change the directions of the waves and thus isotropise them without 
causing any great change in the magnitude of their wave vectors. The 
reason for having scattering by thermal ions, rather than thermal 
electrons, is that the scattering process is less efficient for thermal 
electrons since Compton scattering cancels with non-linear scattering. 
Smith [1970a] xarnines alternative processes for the 
generation of type III bursts at the fundamental and second harmonic. 
Alternatives for the fundamental emission are, l + s-+t and the crossed 
process Z + t + , where s is an ion acoustic wave. Smith finds that 
these processes a r e not as efficien t as l t scattering by thermal ions 
unless there is an extrem ly high en rgy density in th e ion a oustic 
waves which is unlikely as they are heavily damped in the corona. 
An alternative process for second harmonic emission is 
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l + t 
1 
+ t
2
, where t 1 is a fundamental transverse wave and t 2 is a second 
harmonic transverse wave [Melrose, 1970a]. This process is not as 
efficient as the generally accepted coalescence process, Z + Z + t. It 
also leads to the prediction that radiation at the third and higher 
harmonics should be observed due to the processes l + t 2 + t 3 , etc. There 
is no convincing observational evidence for the existence of higher 
harmonics and hence one must conclude that this process is not relevant. 
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CHAPTER 3 
TYPE III BURSTS NEAR THE EARTH 
3.1 A Comparison of Observations with Theory 
Here the observations of Langmuir waves and radiation at the 
second harmonic, described earlier [Gurnett and Frank, 1975; see section 
1.3], are compared with the theory of Melrose [1970b] for the generation 
of type III bursts. This is done by first describing the relevant 
theory with particular reference to the energy density in the Langmuir 
waves, Wz, and the power per unit volume emitted at the second harmonic, 
P2w, predicted by the theory. p 
P2w 
p 
is then expressed in terms of Wz 
and the observed value of Wz is used to calculate P2w. p 
for the radiation source is then constructed and finally 
A simple model 
the distance 
from the Sun at which the emission occurs is calculated. If the theory 
is satisfactory this distance should be of the order of an astronomical 
unit. It is found that this is not the case. 
According to the theory, a directed electron bunch with 
velocity, U , generates Langmuir waves by Cerenkov emission. The 
s 
Langmuir waves are then scattered by thermal ions. The two resultant 
Langmuir wave distributions then coalesce to give emission at the second 
harmonic. The necessity for two different Langmuir wave distributions 
has been discussed above (see sections 2.1, 2.3). The energy density in 
the Langmuir waves for an electron distribution which is sharply peaked 
in the a = 0 direction is 
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= ( 3 .1) 
where N is the number of electrons per bunch and A is the surface area 
of the bunch. The velocity av appears due to the fact that it 
e 
provides a lower limit to the phase velocity range in which Landau 
damping by thermal electrons can be neglected in comparison to 
collisional damping. The power per unit volume at the second harmonic, 
assuming the phase velocities of the Langmuir waves are much less than 
the phase velocity of light, is 
3/3 
= 5 
41T2N2eGw2 
______ p nF(8) , 
A2m2 c 5U 
e s 
(3.2) 
where n is the fraction of the original Langmuir waves which is 
isotropised by scattering by thermal ions. F(8) is an angular factor 
which is ignored for present purposes. P 2w is expressed in terms of WZ p 
by combining equations (3.1) and (3.2) and assuming n = 1. This gives 
= ( 3. 3) 
Sm w [Zn(U /av )] 2 
e p s e 
where r 0 is the classical electron radius. It is clear that P2w is p 
sensitive to the values of Us and Wz. P2w can be estimated by p 
inserting the numerical values U = c/ 3, W = 4. 8 x 10- 19 erg cm- 3 , 
8 
Zn(U /aV) = 5 and f = 2.8 x 10 4 Hz (where w ::c 27Tf) in equation (3.3). 
s e p p p 
These values are given by Gurnett and Frank [1975] (see section 1.3) and 
have been calculated from satellite observations at 1 A.U. A value for 
P2w of 10-
29 erg cm- 3 s- 1 is obtained. 
p 
The simple source model of Gurnett and Frank (1975] can now be 
used. All radiation detected in a frequency interval ~f is assumed to 
be generated in a spherical shell, of thickness ~Rand radius R, 
centred on the Sun. The power flux at the second harmonic, w2w p 
(measured in erg s- 1 cm- 2 Hz- 1 ) from the radiating region, of volume 
V d' is then 
ra 
29 
= (3.4) 
where V d = 4nR2 ~R = 41TR 3~f/f since ~R/R = f/f. Equation (3.4) gives an 
ra 
expression for the distance R (from the Sun) at which the emission is 
observed. The expression is 
R = (3.5) 
Inserting the measured value, obtained by Gurnett and Frank, 
for w
2
w = 2. 75 x 10- 14 erg s- 1 cm- 2 Hz and taking P = 10- 2 9 erg cm- 3 2W p p 
gives a value for R of 10 20 cm. It is obvious that this value for R is 
not consistent with emission at 1 A.U. (1 A.U. ~ 1.5 x 10 13 cm.) 
Gurnett and Frank made a similar type of comparison of their 
observations with the theory of Papadopoulos et at. [1974] and found 
that this theory, also, could not account for the observations. 
It should be remembered that the actual Langmuir wave 
measurements made by Gurnett and Frank were of electric field amplitudes. 
is proportional to the fourth power of these amplitudes (since 
Thus a small error in these measurements leads to 
a much larger error in the value of R. Yet, it is inconceivable that 
they could have made errors in their amplitude measurements by the 
factor of about sixty necessary to give R=l A.U. Hence some 
modification must be made to the theory. 
3.2 The Exact Form of P2w p 
One approximation made explicitly by Melrose in his 
calculations was that the Langmuir waves had non-relativistic phase 
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velocities. It was thought that this would lead to an underestimation 
of the emission at the second harmonic. If this had been the case, then 
the discrepancy between the observations and the theory described in the 
last section might have been resolved but it is shown here that the 
approximation actually leads to an overestimate of the emission at the 
second harmonic. To show this the exact form of the kinetic wave 
equation, arising from an isotropic Langmuir wave distribution, for the 
coalescence process, Z + Z-+ t, is derived. Subsequently, this equation 
is used to derive exact expressions for P2w for several Langmuir wave p 
spectra. These exact results are then compared with their non-
relativistic counterparts. 
The kinetic wave equation for the coalescence process, 
Z + Z-+ t, neglecting reabsorption is, from equation (2. 32), 
= J 
d 3~, 
(2n) 3 J 
d 3~11 
(2n) 3 
The probability for the coalescence process is given by 
equation (2.17) and is 
( 2TI) 5 fle 2 (k' 2 - k" 2 ) 2 t Z' Z" 
= - IK' XK"l 2 6(w -w -w )6 3 (k -k' -k") 8 m ! w zk; "' "' ,-..,t "' "' 
It is possible to rewrite equation (3.6) by: 
(a) writing N° as To using equation (2.14), 
(b) inserting the probability given in equation (3.7), 
(c) averaging over 8, the angle between ~t and k' 
' "' 
and ( d) performing the k" integral using the delta function and 
,.._, 
(3.6) 
(3.7) 
assuming the Langmuir waves to be isotropically distributed. 
There results 
= 
e
2 o (kt -/3w /c) p rl dk'k' 2 k 2 . 2 8 J tsin dcos 8 ---
-1 (k~+k' 2 - 2ktk'cos8) 
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x (k' 2 - k" 2 ) 2 Tz(k')Tz(k") k"=k -k' , 
,.._, ~ ,.._, 
(3.8) 
-t J+l t 
where T = ~ dcos8 T . The delta function in equation (3.8) arises 
-1 
from the frequency delta function in equation (3.7) as follows. The 
dispersion relation for transverse waves at the second harmonic, 
implies that 
and hence 
(2w ) 2 p = 
= /3u) /c , p 
It is possible to change the variable of integration in 
equation (3 , 8) from cos8 to k" using 
= 
Hence equation (3.8) becomes 
= 
r.o (kt -13w/c) J dk,' tt+k • 
16k;wpme k lkt-k' I 
dkll (k,2 _ k"2)2 k" 
(3.9) 
The integrand in equation (3.10) is, as one would expect, 
symmetrical ink' and k". Equation (3.10) can be written in the form 
dk' 
= 
dk" 
k" 
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(3.11) 
where 
A(k', kt) = k'4(k'2-k2)2 t 
B(k',kt) = 2k' 2 (2k' 4 -k' 2k 2 +k 4 ) t t 
C (k', kt) = -(6k' 4 + 2k' 2 k 2 +k 4 ) (3.lla) t t 
D (k', kt) = 2(2k' 2 +k 2 ) t 
E = -1 
To perform the integration in (3.11), two considerations have 
to be taken. The first of these concerns the functional form of TZ(k). 
Possible assumptions concerning the functional form of TZ(k) are that it: 
(a) may be constant over a given range of k, 
or (b) may exhibit a power law dependence over a given range of k, 
or (c) may be sharply peaked for certain values of k. 
The other consideration concerns the limits of integration. 
If Tl (k) has a given form over some range of wave numbers, k 1 < k <kl, 
then the limits of integration are 
Depending on the values of k 1 and k 2 , it may be necessary to split the 
integral into two or three parts due to the conditional limits imposed 
on the k" integration. The three cases which arise are listed below and 
can be compared with figure 1 of the corresponding areas of integration. 
The three cases are: 
k II 
• • • • 
• 
. r·-·-·-·-·1 
/ . /. I 
• • 
./" I 
/ . /. ! 
~· I 
• 
k 1min 
/ 
• 
/ 
• 
/ 
• / 
Figure 1. Areas of integration. 
for k 2 ~ k 1 + kt 
for k 1 + kt < k 2 ~ k 1 + 2kt 
for k 2 > k 1 + 2kt 
• 
• / 
• 
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• 
• 
• 
• 
• 
• 
k' 
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(a) k 2 ~ k 1 +kt . In this case the integral does not require splitting 
up and is 
(b) k 1 +kt < k 2 ~ k 1 + 2k t . Here the integral must be split into two and 
is 
(c) k
2 
> k
1 
+ 2kt. This case requires the integral to be split into 
three parts which are 
J
k2 
dk' dk" . 
k '-k t 
In the calculations which follow, only the cases (a) and (c) 
are considered. This is because it is only necessary to consider these 
two cases for the purpose of comparing the exact and approximate 
calculation~. In any case, the case (b) only covers a narrow range of k 
values and one can safely extrapolate the results from cases (a) and (c) 
to include case (b). 
-t Once 3T /at has been calculated, the power per unit volume at 
the second harmonic, P
2
w, is readily obtainable from the relation 
p 
= (3.12) 
given by Melrose [1970a]. 
The delta function in equation (3.11) enables this integration 
to be easily performed. Finally, the energy density in the Langmuir 
waves, Wl , can be calculated from [Melrose, 1970b] 
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= (3.13) 
and hence the resulting expression allows P 2w to be expressed in terms p 
of Wz. Several calculations of P 2w for various Langmuir wave spectra p 
are now presented. 
(a) Tz(k) ~s a constant in a given range of k. The wave spectrum is 
assumed to be of the form 
l = { Too T (k) 
' otherwise 
where T0 is a constant. It is not necessary to consider the 
normalisation of T 0 as T 0 , itself, does not appear in the final 
expression for P 2w. Two cases are considered. In the first, p 
(3.14) 
k
2 
~ k
1 
+kt and hence the integral in equation (3.11) need not be split 
into parts. In the second, k 2 > k 1 + 2kt and it is necessary to split the 
integral into three parts. The integrals performed are all elementary, 
although tedious, and result in a polynomial and some logarithmic terms. 
All the integrations are performed as follows: 
( 1) by integrating over k" 
' 
(2) by substituting the expressions for A, B, C, D, E from 
(3.lla), 
( 3) by rearranging the integral in powers of k', 
and (4) by integrating over k' . 
In the three-part integral, it is necessary to recombine all 
three parts as the final step. It is then possible to express P 2w in p 
terms of Wz using equations (3.12) and (3.13). (See Appendix 1 for an 
example of this type of calculation.) The results obtained are stated 
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below. Firstly, for k 2 ~ k 1 +kt, there results 
= (3.15) 
where 
+ l(x 6 -X6 )(X2 -X2 ) +l(x4 -X4 )[-(X2 -X2 ) -l(xt+-xt+)] 3 2 1 2 1 1+ 2 l 2 1 2 2 1 
(3.15a) 
and 
= = 
Secondly, for k 2 > k 1 + 2kt 
= (3.16) 
where 
= 
(3.16a) 
It is of interest to consider the expression for P2w in p 
( 3 .16) in the limit X2 >> X1 • This limiting case should lead to the same 
result as the approximate expression for P2w which is calculated later. p 
It is only necessary to consider terms of order x; and greater in the 
expansion of F
2
(X
1
,X2 ). On expanding the logarithmic term using 
Zn a = 
and 
(a - 1) = 
(a - 1) - l (a - 1) 2 + 1 (a - 1) 3 2 3 
1 
X , 
2 
. . . , 
there r sults 
= 
+ .!x7 + .!x6 _ _z_xs _lix4 + .Zx3}/x6 
4 2 8 2 12 2 48 2 4 2 2 
= 
Using (3.15) and this equation, P2w can now be written as p 
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= (3.17) 
The reason for expressing k 1 and k2 in the dimensionless forms 
x1 and x2 is that it facilitates the computation of P2w for several 
p 
values of x1 and Xz. The foregoing expressions for P2w (equations 
p 
(3.15) and (3.16)) are compared with their approximate counterparts in 
figure 2. (The approximate computations were made using equation (3.29) 
with n = 0.) Several points are clear from this figure. Firstly, for 
i 
vcp << c (i.e. kt/k2 << 1) both calculations of P2w are in agreement as p 
one would expect. In the opposite limit, the exact calculation gives 
P 2w = 0 for k 2 ~ ~kt. The reason for this is that for k 2 ~ \kt, p 
coalescence of two Langmuir waves into a transverse wave is no longer 
possible as can be seen from the appearance of the wave vector delta 
function in the probability (3. 7) which requires that kt=!:'+!:". In 
contrast to the exact calculation, the approximate calculation predicts 
that P 2w p 
continues to increase as kt /k2 + 00 • For v; ~ c/ 3, the over-
estimate made by the non-relativistic calculation is not large and only 
involves a factor of about three. The overestimate increases 
i dramatically for v ¢ > 0. 38 c, since after this point P Zw 
p 
as calculated 
exactly starts to decrease whereas the approximate value of P 2w p 
continues to increase. 
(b) TZ(k) exhibits a power law dependence on kin a given range of k. 
The wave spectrum is of the form 
n,'0,2,3,4,6,8, 
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(3.18) 
otherwise . 
P Zw can be calculated as outlined above. For k 2 ~k 1 +kt, it 
p 
is possible to derive a general expression for P 2w. This general p 
expression is applicable for all real values of n except n=0,2,3,4,6,8. 
-t For n = 0, 2, 4, 6, 8 logarithmic terms arise in the calculation of aT / at 
and for n = 3 a logarithmic term arises in the calculation of WZ. For 
k 2 > k 1 + 2kt the calculation of P Zw for the spectrum is tedious and 
p 
hence the results are only presented for n = ±1. A general idea of the 
behaviour of a negative and positive power law spectrum can be obtained 
from these special cases. Firstly, for k 2 ~ k 1 +kt, 
= (3.19) 
where 
= I ( 2-n _ 2-nJ 2 [ 4-n _ 4-nJ [ -n _ -nJ] X2 X1 X2 X1 X2 X1 ( 3-n) 2 2 + _.:..._.----~-'--------( 2-n) 2 n(4-n) 
[ x ~-n _ x ~-n )[ x;n _ X ~n) _ ...l>..-x_~--n ___ x......,~.---n ...... J__ [...,..x_;-_n.....-__ x_~_-_n_J ] 
n(6-n) -n -n 
2
12 [ x~-n -x~-n J [ x;-n -x~-n J 
+ (6-n)(2-n) 
+ [x~-n _ x~-nJ [x~n _ x~nJ 
n(B-n) 
_ 3 [x~-n _ x~-n r]} / [x;-n -x~-n r . (3.19a) 
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For k 2 > k 1 + 2kt the results for n = ±1 are stated: 
(1) n = 1. In this case 
= (3.20) 
where 
[ 
(X2 - X1 )] / 
ll(x - x ) - ~ - _u_ x x <x; - x~) 2 
15 2 l 3 105 1 2 
. ( 3. 20a) 
= 
It is interesting to consider the expression for P2w in the p 
limit X 2 >> X 1 for the reasons given after equation (3.16a). In the 
where 
p = 
2w p 
32n 2 r W2 
0 l 1 
15w m 3 • p e X2 
(2) n = -1. In this case 
= 
= 
wm p e 
(ll(x5-x5) _!!(x4+x4) +~(x3-x3) 75 2 1 3 2 1 315 2 1 
In the limit X2 >> X 1 , equation (3.22) reduces to 
128n2 r W2 0 l 1 
= 75w m 3 • p e x2 
(3.21) 
(3.22) 
(3.22a) 
(3.23) 
Figures 3 and 4 are similar to figure 2 and the same comments 
as those following equation (3.17) can be made. 
It is interesting to examine the non-relativistic 
approximation to P2w for the spectra considered above. p 
The 
LOGl op 2w 
p 
-25 
-29 
0 1 
I 
I 
2 
Figure 2. i T (k) =T O • 
Figures 2, 3 and 4 compare the exact and approximate calculations of 
P
2
w for the various spectra assumed in Chapter 3. 
p 
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Figure 3. l - 1 T (k) = T0 k . 
I Figure 4. Tz(k) = Tok. 
I 
\ I ()> () I y-0 
. 
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l ll 
approximation v<P << c enabl e s the probability, ut , in equation (3. 7) to 
be re-expressed since 
= 
= 
(k ' 2 - k" 2) 2 I K' X K 12 
,.._, ,.._,t 
= 
k"2 
!::'. 4k 2 I K • K' 121 K X K' 12 t~ ,.._, -t - (3.24) 
Following the method of calculation used for the exact wave 
equation, (3.8) is replaced by 
= 
= (3.26) 
On integrating (3.25) to obtain (3.26) the conditional limits 
on the cos8 integral are not taken into account as they were for the 
exact calculation. This results in the area of integration, discussed 
above, always being larger for the approximate calculation. This fact 
ensures that the approximation leads to an overestimate of P 2w. Also, p 
the area of integration is always finite whereas in the exact 
calculation for k 2 ~ ~kt the area of integration is zero as shown in 
figure 5. This explains why the approximate calculation is such a great 
overestimate for k 2 < k 1 +kt . 
It is now elementary to derive an expression for P 2w using p 
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k" 
k* l k* 2 kl k2 kt k' 
Figure 5 . Areas of integration. 
m for k* k* < kk in non-relativistic approximation. 1 , 2 2 t * [Z77 I I I for kl = ~kt ,k2 > ~kt in non-relativistic approximation. 
IS\\\\ I for k 1 = ~kt ' k 2 > ~kt in exac t calculation. 
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equations (3.26) and (3.12). This gives 
= (3.27) 
which is the result given by Melrose [1970a]. 
In this approximate case, it is possible to derive a more 
general form for P2Wp for a given Langmuir wave spectrlllll than it was in 
the exact case. If TZ(k) has the form 
then P 2w can be written as p 
= 15w m p e 
For X2 >> X1 one has 
= 
2 
(3-n) 
(3-2n) 
15w m 
P e 
n:1- 3,1.5 , 
(X3-2n _ x3-2n) 
2 1 
(X3-n _ x3-n) 2 
2 1 
( 3-n) 2 1 
(3-2n) x3 
2 
(3.28) 
(3.29) 
(3.30) 
In the cases where n = 0 ,±1 equation (3. 30) reproduces 
equations (3.17), (3.21) and (3.23) exactly. The fact that the non-
relativistic approximation leads to an overestimate of P2w arises p 
because the approximation means that the coalescing Langmuir waves are 
z 
always considered to be anti-parallel whereas for v ¢ ~ c the angle 
between two coalescing Langmuir waves would actually be acute. It is 
intuitively obvious that the probability of two anti-parallel waves 
meeting will be greater than that of two parallel waves meeting. The 
approximation also allows coalescence to occur for Langmuir waves which 
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do not satisfy k =k'+k''. This, also, must lead to an overestimate of 
,-.,,...;t ,...._,, ,..._, 
i For v ¢ ~ c / 3, t he value i n wh ich on e i s inte reste d, t h e 
approximation is reasonable and sets an upper limit on P2w. The p 
calculations presented above were carried out in the hope that they 
might lessen the discrepancy pointed out in Section 3.1 concerning 
Gurnett and Frank's observations. It is clear that they do not do this. 
3.3 The Discrepancy between Theory and Observations 
There are several possible ways in which the dilemma may be 
resolved. These are listed here. 
(a) Type III bursts may not be generated by the mechanisms proposed 
in current theories. Thi s would be a last resort in seeking to acc ount 
for th e obs~rvations. The fact that electron streams and Langmuir 
waves are observed in the interplanetary medium, added to the fact that 
they both e~hibit a high correlation with type III bursts (see sections 
1.2,1.3), would seem to imply that electrons and Langmuir waves are 
involved in the generation mechanism. No other process is known which 
can efficiently convert Langmuir waves into transverse waves. For these 
reasons and because the theory does describe the qualitative features of 
the emission, the theory should not be discarded lightly. 
(b) It is possible that Gurnett and Frank's observations of the 
electric field amplitude may be in error. As explained earlier, a small 
error in the measurement of this amplitude can have a great effect on 
the calculat ed value of P
2
w . However, an error of the factor of 60, 
p 
necessary for consistency, s eems unlikely es pecial l y since Gurnett and 
Frank's measurement of bow shock Langmuir waves are in reasonable 
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agreement with those of Dunckel [1974) and Scarf et al. [1971). 
(c) The Langmuir wave distribution may be inhomogeneous. In this 
case it could be possible that the observations of small regions of high 
Langmuir turbulence have not been made due to the low probability of a 
spacecraft intersecting such a region. It is not known what mechanism 
could result in this type of inhomogeneous distribution but it can be 
easily shown that emission, compatible with that observed, could arise 
from many such small regions. Some support for a theory of this nature 
lies in the observations of Langmuir waves upstream of the Earth's bow 
shock by Dunckel [1974), Gurnett and Frank [1975) and Scarf et al. 
[1970, 1971). Scarf et al. [1970] observed much higher energy densities 
in the Langmuir waves than did the others (see section 1.3). Hence, it 
may be that the experiment of Scarf et al. happened to be in one of the 
small regions where the generation of very strong Langmuir turbulence 
was occurring. 
(d) It is also conceivable that either the Langmuir waves or the 
transverse waves may be amplified by some mechanism. Kamilov et al. 
(1974] have described a process whereby, in the presence of high 
Langmuir wave turbulence, emission at the second harmonic of transverse 
waves can be amplified. However, this instability is subject to a 
threshold condition which excludes its occurrence in the interplanetary 
medium. The threshold condition is 
(3.31) 
where Wt and Wl are the energy densities in the transverse and Langmuir 
waves respectively. The energy density in the transverse waves is 
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= 
L 
C , (3.32) 
where Lis the radius of the emitting region. It has been shown above 
that, according to present theory, 
= AW 2 z , ( 3. 33) 
where A has a value of 4 x 10 7 in the appropriate c. g. s. units. 
Substituting for Wt in (3.31) using (3.32) and (3.33) gives 
(3.34) 
as the threshold condition for the energy density in Langmuir waves. 
From bandwidth considerations L '.:::'. / 0 A. U. and hence (3. 34) requires that 
WZ > 5 x 10- 16 erg cm- 3 which is an unacceptably high energy density when 
compared with Gurnett and Frank's observations. 
In the remaining chapters the problem of the amplification of 
Langmuir waves is discussed. 
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CHAPTER 4 
THE QUASILINEAR EQUATIONS 
4.1 The Kinetic Wave Equation 
In existing theoretical studies of type III bursts a rather 
simplified form of the electron pitch angle distribution is usually 
assumed. Specifically, the electrons are assumed to be either moving 
outwards along the magnetic field lines, i.e. the a=O direction 
[Melrose, 1970b] or to be isotropically distributed [Smith, 1970a]. The 
real situation, in the solar wind, would seem to lie somewhere between 
these two extreme situations [Lin, 1974; see section 1.2]. The 
electrons are observed to be anisotropically distributed with the 
majority of them travelling in the outward direction, i.e. a< 90°. The 
type of distribution observe4 may arise from an original unidirectional 
electron stream undergoing pitch angle scattering as it propagates 
through the solar corona and interplanetary medium. At present no 
method exists of determining whether the observed electron pitch angle 
distributions are unstable to the generation of Langmuir waves. In this 
section equations are derived which enable the growth rates due to 
streaming and other anisotropic pitch angle distributions to be found. 
These equations are also derived in a paper by Melrose and Stenhouse 
(1976]. 
The kinetic equation describing the emission and absorption of 
Langmuir waves can be written in the form 
dT (k, 8 ) 
dt = a (k, 8) -y(k,8)T(k, 8) , 
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( 4 .1) 
where a (k, 8 ) and Y(k,8) are the emission and absorption coefficients 
respectively and 8 is the angle the wave vector, k, makes with the 
,..,_, 
magnetic field B. Equations (2.5) and (2.6) together give 
,..,_, 
a(k,8) = 8 (cosx - cosxo) , (4.la) 
and 
y(k,8) = 8 (cosx - cosxo) . ( 4. lb) 
Since my aim is to investigate the conditions under which 
gr owth can arise from axially symmetric anisotropic electron pitch angle 
distributions it is clearly more convenient to rewrite equations 
(4.la,b) in terms of the spherical polar co-ordinates¢, a and p. Thus 
an alternative expression is required for the differential operator 
k.a/ap. This is 
,...._, ,...._, 
= 
= 
a k(cos8 - cosacosx) a 
k COSX dp + p dCOSO'. • (4.2) 
In equation (4.2) a is the angle between Band v and Xis the angle 
,..,_, ,..,_, 
between k and v. The angles a, 8 , X are related to each other by the 
cosine formula of spherical trigonometry thus 
cosx = cosacos8 + sinasin8cos (¢ - ¢') , ( 4. 3) 
whe re ¢ and¢' are the azimuthal angles of v and k respe ctively . 
,...._, ,...._, 
Equation (4.2) enables equations (4.la,b) to be rewritten as 
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a(k,8) = J
21T rl Joo 2 d¢ dcosa dp .L f(p,a)8(cosx- cosxo) , 
0 -1 0 V 
(4.4a) 
and 
y(k,8) J
21T J+l Joo 2 
4n 2 e 2 w2 d¢ dcosa dp .L 8 (cosx - cosx 0 ) 
p O -1 0 V 
{ a k(cos8 - cosacosx) c3 } X kcosx ~ + - f(p ~) "Ip "I , u. • o p ocosa (4.4b) 
It is possible to simplify equations (4.3a,b) by performing 
the integral over the azimuthal angle,¢, using the delta function. To 
do this the result 
8[h(¢)] = 
8 (¢ - ¢ ) 
~ n 
h 
n n 
with h = 
n (
ah(¢)] 
3¢ ¢=¢ ' 
n 
(4.5) 
is used. ¢ is a zero of¢. In this case h(¢) is cosx which is written 
n 
as a function of¢ in equation (4.3). Using equations (4.3) and (4.5) 
it is possible to derive the result 
J
21T 
O d¢ 8 (cosx - cosxo) 
2 
cosa ~ cosa ~ cosa+ 
(4.6) 
= 
0 
' 
otherwise 
with 
1 
= 
2 2 2 ~ (1 + 2cosacos8cosx
0 
- cos a - cos 8 - cos Xo) , (4. 7) 
and 
= cos (8 + Xo) . (4.8) 
The fa c tor of 2 in equation (4.6) arises because there are two zeros of 
¢, i.e. for every zero, ¢ 0 , there exists another zero, 2n - ¢ 0 • 
The integral in equation (4.6) allows the emission and 
absorption coefficients (4.4a,b) to be written as 
a(k,8) = 
and 
y(k,8) = 
where 
8TI 2 e 2 W2 r 2 JcosC'+ f(Eza) E dp L dcosa k3 V F(a,e,x) Pep cosa 0 
8n 2 e 2w2 Joo 2 JCOSCI.+ E 1 dp 1;- dcosa 
k3 F(a,8,x 0 ) Pep cosa_ 
X {p i_ + ( cos8 - cosacosx 0 ) a a } f (p ,al 
ap p 
= and = 
cosa 
w 
_.E. k . 
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, (4.9a) 
, (4.9b) 
(4.10) 
Equations (4.4a,b) can be reduced by the alternative method of 
expanding the distribution function in Legendre polynomials. This 
method is particularly useful for the treatment of continuous pitch 
angle distributions. The expansion is 
with 
f(p,a) 
f (p) 
n 
= 
= 
00 
~ 
n=O 
f (p)P (cosa) , 
n n 
2n+l f+l 
2 -l dcosa f(p,a)Pn(cosa) 
(4.lla) 
(4.llb) 
In the expansion the f 0 (p) term describes the isotropic 
component of the distribution and the other terms describe various 
anisotropies, e.g. the f 1 (p) term could be taken to describe a streaming 
anisotropy. These anisotropic terms are, of course, axially syrmnetric 
due to their dependence on powers of cosa. 
Two basic results which are required for the reduction of 
equations (4.4a,b) to a more tractable form are 
J
2
n aepJ+l dcosaP (cosa)o(cosx-cosx
0
) = 2nP (cos8)P (cosx 0 ), (4.12) 
0 
_
1 
n n n 
and 
J2'TT dtf.. J+ 1 'I' dcosa ( cos8 - cosacosx) P ~ ( cosa) C ( cosx - cosx 0) 0 -1 
= 
with 
2nn(n+l)P (cos8) J1 dcosa P (cosa) , 
n n 
cosxo 
p' (x) 
n 
= 
c)P (x) 
n 
dX 
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(4.13) 
To prove equation (4.12), first rewrite the integral over 
solid angle, i.e. the (cp,cosa)-integral as a (¢ 1 ,cosx)-integral where 
and cp
1 
are the polar and azimuthal angles of -y__ relative to 1· Let 8 and 
¢
2 
be the corresponding angles of B relative to k. The proof follows by 
,..,_, ,..,_, 
using the "addition theorem" for Legendre polynomials [e.g Gradshteyn 
and Ryzhik, 1965, p.1015], i.e. 
P (cosa) 
n 
= 
00 ~ (n-m) ! P (cos8)P (cosx) + 2 ~ 
n n n=l (n+m)! 
m m 
x P (cos8)P (cosx)cosm(cp 1 - cp 2 ) , n n 
and performing the cosx and cp 1-integrals which are elementary. 
(4.14) 
To prove equation (4.13) one first performs the ¢-integral 
using equation (4.6) to find 
I = 
n 
= 
One has 
f 2'TT dtf.. J+ 1 'I' dcosa(cos8 - cosacosx)P' (cosa)c(cosx- cosx0) O -1 n 
f 
cosa + ( cosacosxo - case) p ~ ( cosa) 
- 2 dcosa ~~~~~~~~~~~~-
F(a,8,x0) 
cosa 
c3F(a,8,x 0) 
dcos8 = 
cosacosx 0 - cos8 
F(a,8,X 0 ) 
(4.15) 
(4.16) 
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which allows one to write 
a Jcosa.+ 
In = - 2 acosG dcosa. P~(cosa.)F(a.,8,X 0 ) • 
cosa. 
(4.17) 
In equation (4.17) the derivative is taken outside the 
integral since F(a.+,8,X 0 ) = F(a._,8,x 0 ) = 0. It is now possible to 
partially integrate the R.H.S. of equation (4.17). The integrated par t 
is zero since it disappears at both limits of integration and there 
remains 
a Jcosa.+ (cosa. - cos8cosx 0 )P n (cosa.) 
In = - 2 8cos8 dcosa. F(a.,8,Xo) . (4.18) 
cosa. 
Equation (4.18), in turn, can be expressed as a (¢,cosa.)-integral using 
the result (4.6). This gives 
I 
n 
a 
- - ---
acos8 J2TI dA [l '¥ dcosa. ( cos a. - cos8cosx) P n ( cosa.) o ( cosx - cosx 0 ) • 0 -1 
U$ing the recurrence relation for Legendre polynomials 
xP (x) 
n 
equation (4.19) becomes 
= 
1 
+l [(n+l)Pn+l(x)+nPn-l(x)], 
- cos8cosx 0 Pn(cosa)} 6(cosx-cosx0 ) • 
(4.19) 
(4.20) 
(4.21) 
It is now possible to evalua te th e integral in equation (4.21) using the 
result (4.12). This gives 
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2n 
2n+l [ (n+ l)P n+ 1 (cos6) P n+l (cosx 0 ) + nP n-l (cos6)P n-l (cosx 0 )]} • 
(4.22) 
Using the recurrence relation (4.20), equation (4.22) becomes 
I = 
n 
2nn (n+l) a { ( ] 
acos8 Pn+l (cos8) - Pn-1 (cos8) 
(2n+l) 2 
By using the recurrence relation 
p~+l (x) - p~-1 (x) = (2n+l)P (x) , n 
equation (4.23) can be written as 
I = 
n 
and finally since 
there results 
2nn(n+l) { } 
2n+l Pn(cos8) Pn+l(cosx0 )-Pn_1 (cosx 0 ) , 
1 
I = 21Tn (n+l) P (cos8) f dx P (x) , 
n n n 
cosxo 
which is the result stated in equation (4.13). 
Using the results (4.12) and (4.13), the emission and 
absorption coefficients in equations (4.4a,b) can be written as 
a(k,8) = 
and 
00 
L P (cos8) 
n 
n=O r pep 
2 
dp .E_ f (p)P (cosx 0 ) , v n n 
(4.23) 
(4.24) 
(4.25) 
(4.26) 
(4.27) 
(4.28a) 
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Y(k,8) = Pn(cos8) [ .E. {[ 3fn(p) l L 2n+l dp v p ap - nfn(p) 
n=O Pep 
00 
[ 
3fn(p) 
X (n+l)Pn+l (cosxo) + p __ a_p_ + (4.28b) 
The emission coefficient, a(k,8), given in (4.28a) is in a 
convenient form for applying to specific problems. The absorption 
coefficient, y(k,8), however, is not; due to the appearance of the 
terms involving p-derivatives in (4.28b). Rearranging the terms in 
equation (4.28b) gives 
y(k,8) dp ~ { (n+l)P n+ l (cosx 0 ) + nP n-l (cosx 0 )} 
Using the recurrence relation (4.20), the term involving the p-
derivative is proportional to 
00 ( 2 W 3£ 00 Pn(cos8) [ L p (case) dp E -if P (cosx 0 ) n L dp = n=O n V V n 3p n=O ep Pep 
X p n ( COSXo) {a"p (wpp2 £ n (p) l 2w pf (p)} E n - , 
kv 2 kc 2 
where 
a"p [~] = lE. 2 ' C 
(4.29) 
(4.30) 
(4.31) 
is used. The term involving the p-derivative in equation (4.30) can be 
partially integrated thus 
r dp 
Pep , 
= 
00 
+ m I E..E. f (p)P'(cosxo) y n n 
Pep 
(4.32) 
where 
apn ( cosX0 ) 
ap = 
= 
acosXo av apn(cosXo) 
av dp dCOSXo 
w p' ( cosxo) p n 
is used along with P (1) -1. y is the Lorentz factor. The term 
n 
involving f (p) in equation (4.29) can be combined with the term 
n 
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(4.33) 
involving P~(cosx
0
) in equation (4.32) by using the recurrence relation 
(x2 -l)P'(x) 
n 
= 
n (n+l) 
2n+l [Pn+l (x) - Pn-1 (x)] (4.34) 
Doing this allows one to write the absorption coefficient as 
y(k,8) = dp ~ f (p)P (cosx) c n n o 
(4.35) 
The three terms which appear in the absorption coefficient can 
be explained as follows. The first term arises from the isotropic 
component of the electron pitch angle distribution. For isotropically 
distributed non-relativistic electrons, this is the only important term 
in the absorption coefficient which is therefore always positive. The 
second term is a relativistic correction to the absorption coefficient 
and, as with the first term, always gives a positive contribution to the 
absorption coefficient. The final term arises due to the pitch angle 
anisotropy and this term may make the absorption coeffic ient negative, 
implying that wave growth would occur. For n = 0 the third term is zero, 
as it must be. For n ~ 1 the effects of various anisotropies can be 
calculated. A necessary condition for growth, which is discussed in 
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Chapter 5, is that df (v) / 3v > 0 in some range of phase speeds. When this 
is the case the first term gives a negligible contribution to the 
absorption coefficient and one need only consider the second and third 
terms. Hence growth will occur when the third term is greater in 
magnitude than the second term. 
It is possible to use equation (4.12) to perform the sums in 
equation (4.35) to obtain 
S1T'e2w2 [P2 
+ ~ [ 2~ rosa+ f (:e 2Ct ) y(k,8) = P ~ f(pcp,8) dp dcosa F(a,8,x0 ) k3 vcp pep c cosa 
2 r _c!z [1 + (y 2 - l)sin2 xo] a fcosa+ f(~,a) ] m dcosa acosxo F(a,8,x 0 ) . TI p p cosxo cosa 
cp (4.36) 
In equation (4.36) pis independent of Xo when performing the cosx0 -
differentiation. 
Equation (4.35) would be used when considering a continuous 
pitch angle distribution whereas equation (4.36) would be used when 
considering a discontinuous pitch angle distribution. 
4.2 Separable Distributions 
A separable distribution is one which can be written as 
f(p,a) = f(p)¢(a) , (4.37) 
where cp(a) is the pitch angle distribution. By making this assumption, 
equations (4.36) and (4.9a) can be written in a more useful form which 
is 
a(k,8) = (4.38) 
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and 
y(k,8) = y1 (k,8) +yR(k,8) +yA(k,8) (4.39) ' 
with 
y1 (k,8) 
8TI 3 e 2 2 (4.39a) = Pep f(pcp)cf>(8) k ' 
8TI 3 e 2 w2 
[ dp 1;- f(p)g(8,x 0 ) YR(k,8) = E (4.39b) ' k3 p C 
ct> 
8ir
3
e
2
w
2 
[ ~ [ 1 + ( y
2 
- 1) sin 2 XO ] og(8,X 0 ) 
y A (k, 8) = - E m2 f(p) . (4.39c) 
k3 Pep 
p cosxo ocosxo 
In the above equations 
g(8,Xo) = ! roso.+ dcosa. ~ (a) (4.40) F(a.,8,Xo) . cosa. 
The significance of the three terms y1 , yR and yA can be found in the 
discussion following equation (4.35). 
To estimate the growth rates of various separable 
distributions, integrals of the form 
Im = I dcosa. (cosa.)m 
F(a.,8,Xo) 
often require evaluation. A general method of performing such 
integrals exists [e.g. Gradshteyn and Ryzhik, 1965; p.80]. Here the 
results for m=O, 1 and 2 are stated. One has 
. [cosa. - cos8cosxo] 
I O = arcs 1.n . 8 . , sin s1.nxo (4.42) 
(4.43) 
\(cosa.+ 3cos8cosx )F(a.,8,X ) 0 0 
(4.44) 
The equations presented in section 4.2 are also given by Melrose and 
Stenhous [1976]. 
4.3 The Evolution of the Particle Distribution Function 
The second quasilinear equation (equation (4.1) being the 
first) describes the evolution of the particle distribution function 
f(p,a). This equation can be written as 
df (p ,a) = 1 a 1 a at sina aa [sina Da(p,a)f(p,a)] + ~ 3p [p2Dp(p,a)f(p,a)] 
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(4.45) 
where 
6.A 
;:: f 021T W ( 11 dcos8 [o d: cS (cosx - cosxo) 
M6.BT(k,8) 
and A and B equal panda with 
6.p = kcosx, 6.a = 
k ( cos8 - cosacosx) 
psina 
Wp 
(4.46) 
(4.47) 
Equation (4.45) can be derived from equation (2.9) and is 
express din spherical polar co-ordinates in a similar fashion to 
equations (4.4a,b) describing the wave spectrum evolution. Note that 
the azimuthal angle¢ does not appear in equation (4.45) since only 
axially symmetric distributions will be considered. In a manner exactly 
analogous to the derivation of equations (4.9a,b), it is possible to 
reduce equation (4.46) to the form given by Melrose and Stenhouse ll976] 
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which is 
DA(p,a) e 2w r /U 6.A dk fcosa+ 1 p p s dcos e (4.48) = -
'ITV k F(a,8,X 0 ) 
, 
DAB(p,a) w /v cosa 6.MBT(k 2 8) p CDµ 
with 
cos8+ = cos(a + Xo) (4.48a) . 
The diffusion coefficients of the form DA(p,a) describe the 
effects of spontaneous emission whereas those of the form DAB(p,a) 
describe the effects of the induced processes. 
It is elementary to calculate DP and Da. Firstly from 
equation (4.48) with A= p and using equation (4.47) to substitute for 6.p 
one has 
D p = f
cosa+ 
cosa 
dcos8 F(a,8,X0 ) • 
1 (4.49) 
The cos8-in~egral can be obtained from equation (4.47) by interchanging 
a and 8 and the k-integral is elementary. On integration one has 
D 
a 
= 
e2W2 
D = p Zn(U /v) . 
p v2 s 
Using equations (4.48) and (4.47), D can be written as 
a 
Tivpsina J
w /U p s 
w /v p 
f
cosa+ 
dk dcos8 
cosa 
cosacosxo - cos8 
F(a,8,x 0 ) 
(4.50) 
(4.51) 
Hence, using equations (4.42) and (4.43) to perform the cos8-integral 
gives 
D = 0 . 
a 
(4.52) 
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The diffusion coefficients (4.50) and (4.52) indicate that 
spontaneous emission leads to no change in the pitch angle distribution 
of the electrons but only has the effect of slowing them down. 
The integrals required to find the other diffusion 
coefficients are more complicated but it is possible to find expressions 
for them by expanding the effective temperature of the Langmuir waves, 
T(k,8), in Legendre polynomials. Having done this, it is possible to 
perform the integrations in a similar manner to that used in the 
reduction of the kinetic wave equation. The expansion is 
with 
00 
T(k,8) = L 
Q,=O 
2i+l 
TQ,(k) = 2 
First consider D 
PP 
TQ,(k)PQ,(cos8) , (4.53) 
rl dcos8 T(k,8)PQ,(cos8) . 
-1 
(4.54) 
Making the expansion (4.53) and using 
equations (4.47) and (4.48) gives 
D pp = J
w /U dk oo P s - L 
w /v k i=O 
p 
J
cos8+ P£(cos 8 ) 
T0 (k) dcos8 
N cos8 F(a,8,Xo) . (4.55) 
Due to the symmetry of F(a ,8,x 0 ), it is possible to use the result 
(4.12) (with a and 8 interchanged) to perform the cos8-integral thus 
D pp = 
00 
L PQ, (cosa ) 
£=0 
(4.56) 
Equation (4.56) can be expressed in an alternative form by using the 
recurrence relation (4.20) to give 
D 
PP 
= 
1 
cosa 
00 
L 
£=0 
[ (£+l)P £+l (cosa) + £P £-l (cosa )] 
(2£+1) 2 J
w /U p s 
w /v p 
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x [ (.Q,+ 1) P ~,+ 1 ( cosX 0 ) + .Q,p i-l ( cosx 0 ) ] • (4.56a) 
For the purpose of evaluating the .Q, = 0 term from equation (4.56a) the 
terms involving (t-1) are zero. 
Now consider D (D =D ) Making the expansion (4.53) and pa pa. ap · 
using equations (4.47) and (4.48) one has 
D pa = 
e
2
w Iw /U 
___ P..____ P s dk 
nvzpsina w /v p 
00 
Icose+ x dcos8 cose ( cose - cosacosxo) ( e ) P 0 (cos8) . F a., ,Xo Jfv (4.57) 
The cos8-integral can be performed by rewriting cos8 P.Q,(cos8) using the 
recurrence relation (4.20) and hence integrating using the basic 
integral (4.12) with 8 and a interchanged. This gives 
Icose+ (cos8 - cosa.cosxo) dcos8 P 0 (cos8) cos8 F(a.,e,Xo) Jfv 
= 
TI 
+l [ (i+l)P .Q,+l (cosa)P i+l (cosx 0 ) + .Q,P .Q,-l (cosa)P .Q,-l (cosx 0 )] 
= 
TISin2x sinla 
.Q,(.Q,:l) Pi(cosa)Pi(cosx 0 ) , 
where the recurrence relations (4.20) and (4.34) are used. Thus, 
equation (4.57) becomes 
D pa 
sin 2aPl(cosa) 
i(Ul) J
w /U 
p s dk T .Q, (k) 
w /v p 
Equation (4.60) can be expressed in a different form by using the 
recurrence relation (4.34) to give 
(4.58) 
(4.59) 
D pa = - 2 
V 
00 
psina i=O 
i(i+l) [Pi+l (cosa) - Pi-l (cosa)] 
(2i+l) 2 J
w /U p s 
w /v p 
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dk T.Q,(k) 
X [P .Q,+l (cosx 0 ) - P .Q,-l (cosx 0 )] • (4.60a) 
For the purpose of evaluating the .Q, = 0 term from equation (4. 60a) the 
terms involving (.Q,-1) are zero. Equation (4.60a) for D is clearly pa 
analogous to equation (4.56a) for D . To reduce these diffusion 
PP 
coefficients to a simpler form, one would have to make some assumptions 
about the form of T(k,8). In the case where T(k,8) is isotropic, i.e. 
is independent of 8, only the £ = 0 term in the expansion (4. 53) would 
remain. In this case, D = 0 and hence no pitch angle scattering arises pa 
from this term when T(k,8) is isotropic. 
Next consider D 
a.a 
Using the expansion (4.53) and equations 
(4.47) and (4.48) gives 
D 
aa 
The relation 
= 
X f
cos8+ 
cos8 
00 
p s J
w /U 
w /v p 
dcos8 
( case - cosacosxo) 2 
F(a,8,Xo) P.Q,(cos8) . 
(cos8 - cosacosx ) 2 = - [F 2 (a,8 ,X ) - sin 2asin 2 X ] , 
0 0 0 
allows the cos8-integral to be written as 
{ 
. 2 . 2 
sin as1n X0 
dcos8 F( 8 ) a, 'Xo 
(4.61) 
(4.62) 
= J
cos8+ 
nsin 2 asin 2 x
0 
P£(cosa)P.Q,(cosx
0
)- dcos8 F(a,8,X 0 )P£(cos8) · 
cos8 
(4.63) 
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Consider the last term on the R.H.S. of equation (4.63), it can be 
written as 
1 Jcos8 + 
2i+l cose dcos8 F(a,8,x 0 )[P_i+1 (cos8)-P_i_1 (cos8)], (4.64) 
using the recurrence relation (4.24). This can be partially integrated, 
noting that, since F(a,8,x 0 ) is zero at both limits of integration, the 
integrated part is zero. One has 
1 f cos8 + cos8 - cosacosx 0 
2.Q,+l dcos8 F(a,G,Xo) [P .Q,+l (cos8) - P £-l (cos8)] . 
"' cos8 
(4.65) 
This integral can be found by evaluating the integral in equation (4.59) 
with .Q, replaced by (£-1) and (£+1) as required. Doing this, the 
expression (4.65) becomes 
nsin 2asin2 x 0 {Pi-l (cosa)Pt-l (cosx 0 ) 
2£+1 £(£-1) 
_ P_i+1 (cosa)Pt+l(cosx 0 )} 
(£+1)(£+2) . 
Thus expression (4.66) together with equation (4.63) gives 
J
cos8+ 
dcos8 
cos8 
2 (cos8 - cosacosx 0 ) ( 8 ) P .Q, ( cos8) F a, 'Xo 
= nsin'asin2 x 0 {Pi(cosa)Pt{cosx 0 ) 
(4.66) 
1 
+ 2£+1 (
P_i_1 (cosa)P_i_ 1 (cosx 0 ) _ P_i+l (cosa)P_i+l (cosx 0 )]}. 
£(£-1) (£+1)(.Q,+2) (4.67) 
Thus, from equations (4.67) and (4.61), the expression for the diffusion 
coefficient D is 
D 
aa 
= 
aa 
00 
fw /U { wp /v 8 dk k T t (k) sin 2asin 2 x 0 Pt (cosa)P t (cosx 0 ) 
p 
1 
+ 2.Q,+ 1 
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For the purposes of evaluating the i=O,l terms in (4.68), the 
terms involving (.Q,-1) are zero. This can be verified by evaluating the 
integral (4.61) for .Q, = 0,1. The expression (4.68) is rather cumbersome 
and if it can be simplified, one might expect the simplification to 
involve the second derivatives of the Legendre polynomials P.Q,(cosa), 
P.Q,(cosx 0 ). 
It is interesting to note that, for an isotropic distribution 
of Langmuir waves, i.e. for i=O in equation (4.68), D -:/:0. This may 
aa 
seem surprising, but on examination of the equation (4.43), one notes 
that D is multiplied by the derivative of the pitch angle distribution 
a.a 
w.r.t.a. Hence if the wave and pitch angle distributions are both 
isotropic, no pitch angle scattering occurs but if the pitch angle 
distribution is anisotropic, scattering does occur. One might expect 
this scattering to have the effect of isotropising the pitch angle 
distribution. This is verified in the next chapter. 
Equation (4.45) along with the expressions for the six 
diffusion coefficients, i.e. equations (4.50), (4.52), (4.56), (4.60) 
and (4.68) describe the evolution of the particle distribution function. 
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CHAPTER 5 
LANGMUIR WAVES GENERATED BY ANISOTROPIC ELECTRONS 
5.1 Implications of the Quasil ine ar Equations 
The quasilinear equat ions (4.1) and (4.45), along with the 
equations (4.28a),(4.35) for the emission and absorption coefficients 
and equations (4.50),(4.52), (4 . 56),(4.60),(4.68) for the diffusion 
coefficients, are three-dimensional equations describing the wave and 
particle distribution evolution in the case where Langmuir waves are 
being generated by a bunch of e lectrons with a n axially symmetric pitch 
angle distribution. These e q ua tions correspond to equations (2.24) and 
(2.25) (Grognard's one-dimens ional equations ) but are more general. 
The coupled solution of the quasilinear equations may prov e 
of interest. If the distribution fun c tions can be adequately 
represented by a trunca ted series of Legendre polynomials, i.e. if the 
series converges rapidly e nough, t he analy sis would be simplified. The 
solution of the e quations would yield information about the r a t e of 
development of quasilinear relaxation . If quasilinear relaxation is 
found to develop less rapidly than existing calculations predict, then 
Sturrock 's dilerruna may be r esolved (see discussion in section 2.2). 
The generally accepted mechanism for the deve lopment of 
Langmuir wave turbulence is th e two-stream instability which has a 
growth rate given by e quation (2.23). This growth rate arises from the 
generation of Langmuir waves by a highly collimated, i.e. effectively 
one-dimensional, beam of electrons. There is evidence [Lin, 1974; see 
section 1 . 2] that electrons near the orbit of the Earth are not highly 
collimated but rather are spread over all pitch angles with a 
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preponderance of electrons moving in the forward direction. In fact, 
the electron distribution is roughly proportional to P 1 (cosa), where Pn 
is a Legendre polynomial. Such an electron distribution is thought to 
arise from pitch angle scattering of electrons en route from the solar 
corona to the Earth [Lin , 1974]. 
The generation of Langmuir waves may occur in other situations 
in the solar corona . The streaming distributions arise from electrons 
travelling outwards from the Sun along open magnetic field lines. When 
the field lines are not open and form a configuration such as magnetic 
arch, a loss cone distribution of electrons may arise. Kuijpers [1974] 
suggests that such a distribution may be unstable to the generation of 
Langmuir waves. This possibility is investigated by Melrose [1976c] 
using the growth rate formulae given in equations (4.39a,b,c). As this 
thesis is concerned with type III bursts, only the generation of 
Langmuir WqVes due to streaming distributions is considered below. 
From equation (4.36) the growth rate for non-relativistic 
electrons can be found by substituting y = 1, p = mv and f (v) = m3 f (p) to 
obtain 
Y(k,8) = { f ( V <j,, 8) + ; p n ( COS8) Joo 
n=O v ¢ 
00 
- L (5 .1) 
n=l 
The equation (5.1) is useful for calculating the growth rate when the 
electron distribution is continuous. For the case when the electron 
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distribution is discontinuous, e.g. as in a forward cone distribution, 
the growth rate for non-relativistic electrons can be found from 
equations (4.39a,b,c) and is 
y(k,8) = { f(vcj>,8)+[ 
vcp 
dv 2; f(v)g(8,X 0 ) 
C 
J
oo 8g(8,X 0 )} 
dv f (v) ,.,, 
ocosxo 
vcp 
(5.2) 
An interesting point arising from equations (5.1) and(S.2) is 
that growth is only possible at phase speeds where f(v) is an increasing 
function of v. This agrees with the calculations of Penrose [1960]. 
This means that growth is impossible for electrons with a negative power 
law distribution. For growth to occur, it is not sufficient for the 
electrons to have just an anisotropic pitch angle distribution but they 
must also have a gap velocity distribution [Melrose, 1975]. In the 
growth rate calculations presented here, the existence of such a gap 
velocity distribution is assumed. A simple gap distribution is one in 
which f (v) is independent of v in a given range, v O - \l\v < v < v O + \l\v, of 
phase speeds. Using the normalisation (2.8), one has, 
J
v 0 +\6v 
4nf(v) dvv 2 
V -\6v 0 
= n , 
s 
(5. 3) 
where n is the number density of the streaming electrons. Thus one has 
s 
f (v) = 
n 
s ( 5. 4) 
In all the specific examples of anisotropic distributions 
which are considered here, it is assumed that f(v) has the form given in 
equation (5.4). In the remainder of this chapter, the quasilinear 
equations are considered for two specific streaming distributions. 
5.2 Forward Cone Distribution 
A forward cone distribution is an idealised separable 
discontinuous streaming distribution in which all the electrons are 
travelling in the forward direction. The pitch angle distribution has 
the form 
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¢ (a) 
__ { constant , a < a (<n/2) 0 (5.5) 
0 , otherwise 
On normalisation equation (5.5) becomes 
¢(a) = 
2 
1 - cosa ' 
0 
0 
a<a (<n/2) 
0 
otherwise 
It is possible to find the absorption coefficient from 
equation (5.2). Firstly, from equation (4.40), one has 
1 , o ~e , X ~a 0 0 
= 
2 1 1 
------<72-
1 - cosa 0 TI 
. [cosao - cos8cosxo] 
arcsin . e . , 
sin sinxo 
o~e-a ~x 0 0 
0 , otherwise 
and hence 
1 
cos8 - cosa c osx 1T 
3g(8 , Xo) 
0 0 
0~8 - a 0 ~Xo ~ 8 + a 0 <-2 1T F(a ,e,x) , 2 
= 0 0 
dcosxo 1 - cosa 0 
0 , otherwise . 
(5.6) 
(5. 7) 
( 5 . 8) 
Equations (5.7) and (5.8) are also given by Melrose and 
Stenhous e [1976]. An important point is that g(8,x 0 ) is non-z e r o fo r 
8 > TI /2. This implies that emission of Langmuir waves fr om elec tron s 
with a forward cone distribution extends into the backward hemisphere 
and thus it is possible for Langmuir waves generated by such a 
distribution to coalesce directly and hence provide second harmonic 
emission [Rosenberg, 1975; Melrose, 1976b]. This contrasts with the 
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one-dimensional treatment described in Chapter 2 where it was necessary 
for a secondary spectrum of Langmuir waves to be generated by scattering 
from the original spectrum before coalescence could occur. 
The growth term, YA , can be calculated from equations (5.2) 
and (5.8) and is 
yA(k,8) 
cos8 - cosa 0 cosx0 
F(aa,8,Xo) (5.9) 
The point to note here is that if f(v) is a gap distribution then growth 
can occur over a range of phase speeds in the gap. This is in contrast 
to the one-dimensional treatments where growth is only possible at the 
phase speeds where c3f / av > 0, i.e. growth can only occur for resonant 
phase speeds. 
Growth is possible over a range of angles extending to 8 = TT /2. 
The maximum growth rate occurs at 8 = 0, i.e. for waves being emitted in 
the streaming direction and is given by 
y(k,O) = 
n 
e 
( 5 .10) 
where it is assumed that a
0 
is small and f(v) has the form given in 
equation (5.4). 
Growth is also possible at finite 8 and the approximate growth 
rates are given by Melrose [1976c]. 
A difficulty which arises due to the discontinuous nature of 
the forward cone distribution is that yA(k,8) is infinite at the zeros 
of F( a
0
, 8 ,x
0
) as can be seen from equation (5.9). The zero at 
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j e - Xo I = c:x.
0 
corresponds to grow th and the zero at 8 + Xo = c:x. 0 corresponds 
to absorption. When one considers a continuous pitch angle distribution 
these "false" infinities are replaced by peak values. In the next 
section an idealised continuous streaming distribution is considered. 
5.3 A P 1-Anisotropy 
A P 1-anisotropy is an idealised continuous streaming 
distribution. This type of anisotropy corresponds closely to the 
electron pitch angle anisotropy observed near the Earth by Lin [1974]. 
It is possible to write the distribution function as [Melrose, 1976a] 
f(p,c:x.) = f (v)(1+3U cosc:x./v) , 
0 S 
( 5 .11) 
where f
0
(v) is the isotropic component of the distribution. The growth 
rate due to such a distribution can easily be calculated from equation 
(5.1) and is 
y(k,8) = 2 [ 3 
n V 
_ _2!.2-w ~ U 
2 n p 3 s 
e v 0 
2v0 2] 
-- cos8 . 
3c 2 
From equation (5.12) it is clear that growth can only occur when 
u 
s 
> 
2v 3 0 
3c 2 ' 
(5.12) 
(5.13) 
but this condition is certainly not restrictive and for streaming speeds 
of c/3, which have been observed in the solar wind at the Earth's orbit, 
growth could occur. Maximum growth occurs in the direction 8 = 0 (as for 
the forward cone distribution) but growth is still possible for all 
finite 8 < TI /2. 
It is interesting to consider the quasilinear equation (4.45) 
for a P -anisotropy in the case in which the Langmuir waves are 
1 
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isotropically distributed. The diffusion coefficients for an isotropic 
wave distribution are given by equations (4.50), (4.52), (4.56), (4.60) 
and (4.68) with Z = 0 and are 
D 
D 
D p 
pp 
a.a 
= 
= 
= 
2 L 
e w p 
v3 
2 
e 
2vp 2 
u 
s 
V , 
r /U p s dk T (k) 
w /v k l 
p 
r /U p s dk k . 2 sin X 
w /v p 
D = D = D = 0 • 
a ap pa 
, 
(5.14) 
0 Tz(k) , 
An interesting point to note here is that D is non-zero and hence one 
a.a 
would expect pitch angle scattering to occur. The term describing the 
pitch angle scattering which occurs can be found from the equation 
(4 . 45) and is 
of(p,a) p.a.s. 
at = a {sin
2
et D o~(p,a)} , 
ocosa a.a cos a 
(5.15) 
where p.a.s. denotes the contribution due to pitch angle scattering. 
For an isotropic wave distribution and a P 1-particle distribution both 
Do.a and of/ocosa are independent of a and thus 
3f(p,a) p.a.s. 
dt = - 2cosa D a.a 
3f(p,a) 
dCOSCt 
(5.16) 
The significance of equation (5.16) is that the number density of 
electrons in the forward hemisphere (cosa > O) tends to decrease whereas 
the number density of electrons in the backward hemisphere tends to 
incr ase. This means that the particle distribution would tend to 
become more isotropic and would thus reduce the range of phase speeds 
for which growth could occur. 
5.4 Conclusions 
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There are several important conclusions which should be 
emphasised concerning the results presented in Chapters 4 and 5. These 
are stated here. 
(a) One interesting feature of the results is that growth is 
possible at a given phase speed, v¢, only if f(v) is an increasing 
function of v > v ¢. This arises because the term y1 in equation (4. 39) 
provides the dominant contribution to the absorption coefficient except 
in the case where at I av> 0. Thus for growth of Langmuir waves to occur 
it is necessary (but not sufficient) for the electrons to have an 
anisotropic pitch angle distribution and a gap velocity distribution. 
The fact that these two conditions are not sufficient for growth is 
shown by Melrose and Stenhouse [1976] for the specific case of a P 2 -
anisotropy generated by trapped particles being subjected to a 
compression or rarefaction of the magnetic field. They found that no 
growth occurs in this case. 
(b) In the existing one-dimensional treatments of the instability 
of Langmuir waves, growth is only possible at phase speeds where f(v) is 
an increasing function of v. However, in the three-dimensional treat-
ment, growth is possible over a greater range of phase speeds less than 
the resonant phase speeds. In fact, for a P 1-anisotropy, growth is 
possible for all phase speeds in the "gap" providing the condition 
(5.13) is satisfied. The growth rate and the range of phase speeds over 
which growth can occur is sensitive t o the specific form of the 
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anisotropic pitch angle distribution. 
(c) For streaming distributions, the growth rate is a maximum for 
waves being emitted along the magnetic field lines (8 =O) but growth is 
still possible at all angles 8 <n/2. The fact that waves are emitted 
into the backward hemisphere by anisotropic streaming electrons means 
that the Langmuir waves can coalesce directly to give rise to second 
harmonic emission in type III bursts. 
(d) It seems possible that the anisotropic electrons which lead to 
Langmuir wave growth may be isotropised by pitch angle scattering. The 
time for this isotropisation to occur would be the main factor in 
determining the level of Langmuir turbulence reached. 
In the light of the results presented in these last two 
chapters, it seems that some generally accepted ideas on the development 
of Langmuir turbulence by electron beams should be re-examined. It is 
clear that the one-dimensional approach used in existing studies is 
inadequate. The time scale for quasilinear relaxation needs to be 
treated by using the three-dimensional equations. In conclusion, it 
seems that some existing theories of the generation of type III solar 
radio bursts must be revised. 
CHAPTER 6 
POSTSCRIPT 
6.1 Langmuir Wave Observations Near the Sun 
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Observations of Langmuir waves connected with type III bursts 
in the solar wind at the orbit of the Earth are described in Chapter 1. 
Th analys is in Chapter 3 ( see discus s ion after equation (3. 5 ) ) 
suggests that the energy density of the Langmuir waves cannot account 
for the observed power fluxes of type III bursts at the second harmonic. 
However, some recent observations by Gurnett and Anderson [1976] 
indicate that Langmuir waves with sufficiently high energy densities, to 
account for the observed power fluxes of type III bursts, are indeed 
present in fhe solar wind. 
These new observations were made much closer to the Sun than 
the previous ones. There are two important advantages of observing in 
such a location. Firstly, and mo s t importantly, the observations are 
free from effects caused by the disturbed plasma environment near t he 
Earth. In particular, there is no danger of the observations being 
confused with or contaminated b y Langmuir waves generated b y electrons 
from the Earth's bow shock. Secondly, the radio bursts are more intense 
in this region as it is closer to the Sun. 
The observed electric field strengths vary from 2.35 - 14.8 mV 
m- 1 which means that the energy density in the Langmuir waves is any-
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thing from a factor of 6 x 10 2 to a factor of 2 x 10 4 higher than the 
energy density of the Langmuir waves found by Gurnett and Frank [1975] 
(see section 1.3). The observed power fluxes of the type III bursts 
vary from 1.15 x 10- 14 to 8 .17 x 10- 14 erg s- 1 cm- 2 Hz- 1 and are of the 
same order as the power fluxes observed at the Earth. It is interesting 
to note that Gurnett and Anderson's observations indicate that the 
weakest electric field is coupled with the most intense burst and vice 
versa. This cannot, of course, be the real situation and suggests that 
further refinements must still be made to such experiments. The 
observations were made at a distance from the Sun of\ A.U. where the 
local plasma frequency was approximately 5. 6 x 10 4 Hz. 
If one uses the parameters given in the foregoing discussion 
to compare the observed electric field strengths with the electric field 
strength required for the observed intensity of the bursts, it is found 
that both electric field strengths are of the same order of magnitude. 
Perhaps one of the main reasons why these intense electric 
fields were never observed before is that the Langmuir waves appear to 
have a patchy spatial distribution. Gurnett and Frank [1975] only 
observed Langmuir waves in one out of nine radio bursts and Gurnett and 
Anderson only observe Langmuir waves in three out of twenty-fo ur radio 
bursts . Thus one major problem facing theoris ts is to account for the 
spatial inhomogeneity of the Langmuir waves in th e so lar wind. 
APPENDIX 1 
P2w CALCULATION p 
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In this appendix equation (3.15) is derived. The method used 
here is described in the discussion preceding equation (3.15). 
The wave spectrum is assumed to be of the form given in 
equation (3 .14). The range of k values is k2 ~ k 1 + kt and hence it is 
not necessary to split the integral into parts. The integral to be 
performed is 
I : = 
J
k2 d ' Jk2 dk" 
_L -- (A+ Bk" 2 + Ck" 4 + Dk" 6 + Ek" 8 ) 
k' k" 
kl kl 
(A.l) 
On performing the k"-integral one obtains 
(A.2) 
On substituting for A,B,C,D,E from equation (3.lla) one has 
(A. 3) 
Rearr nging equation (A.3) in pow rs of k' one obtains 
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(A.4) 
It is now elementary to perform the k'-integral to obtain 
I = 
(A. 5) 
The energy density in the Langmuir waves, Wz, can be found 
from quation (3.13) with the spectrum (3.14). One has 
Finally, using equations (A.5) and (3.12) to find P2w, p 
expressing P
2
w in terms of Wz using equation (A.6) and casting the 
p 
(A. 6) 
equation in terms of the dimensionless wave numbers X1 ,X2 one obtains 
the results stated in equation (3.15). 
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